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i
SYNOPSIS

The transient behaviour. of synchronous machines
has béenlstudied by various authors, by using different concepts,
to arrive at the results. The present thesis aims at finding out
a unified and comprehensive method for the analysis of the transients

of a synchronous generator, The anslysis has been carried mut for

a) sudden switching on or off of zny type of
balanced 10ads,
b) sudden switchiﬁg on or off of unbalanced loads

or faults,

Another method has been presented in this thesis for the
analysis of single phase loedes and faults only. Experiments are done

to compare the results obltained from tests and calculations.
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LIST OF _ SYNMBOLS

The armature phases lettered along the direction of
rotation of the field poles. |
the direct axis and uadrature axis fixed to the
field poles of the rotor, the quadrature axis
leading the direct axis.
the angle éf the direet axis with respect to stator
the power angle. | _
th

any odd integer. When s = 1, the s harmonic

corresponds to the fundamental freyuency.

" the terminal voltages of the phéses‘a,b and ¢, /

th

the ' harmonic terminal voltages of phases a,b and ¢

the sth

harmonic positive seqQuence, negative
sequence and zero seQuence components of the
terminal voltage of the phése 8

the direct axis, Guadrature axis and zero seduence
armature voltages. | |

the direect axis and wadrature axiS'armatﬁre voltages
for mean position of oscillation.

the open eireuit induced voltages

the voltege behind the quadraturc axis impedance.
the flux linkages of the armature direct axis and
quadrature axis due to airegap flux.

The flux linkages of the armeture direct exis and
auadrature axis due to the air-gap flux of 7ero

frequency during the transienfs.
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.theiath harmonic positive seduence and negative

sequence componehts of the induced voltages of the
phase a due to the armature linkage of the air gap

fluxe.

The air gap flux linkagess

the fluxflinkages of the.armature direct axis
and quadrature axis due to the air gap flux
during the balanced steady state operation before

the transients.,

the flux linkages of the armature direct exis 1
due to the aif-=gap flux for the mean position \

of oscillation. .

the initial values of Eg and Eg

the walue of'Eg and Eg at the dying away of the
amortisseur transients.

the steady state value of Eg after the transients.

the sth harmonic terminal ?oitages of the phases

a,b and ¢ of the bvalanced load in'ap unbalanced
system.

the sth harmonic pqsitiée'sequence. negative sequence

and zero sequence componénts of the terminal voltage

_of the phase & of the balanced load in an unbalanced

system,

any eurrent
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Lasdpei, = the armaeture currents of the phases 2,b and ¢.
8 ,8 ,B th |
iat ih' ic = the 8~ harmonic armature currentse of the phases
' a,b and c.
i?,ig,ig = the sth hermonic positive seguence, negative
sequence and gero sequence components of the armat-
ure current of phase a.
1,0,4,0,4 5 - th
1M 2F0F = the 8" harmonic positive sequence, negative
1.84 8 i.s sequence and zero sequence components of fault
1L*"2L 0L o ‘
current and balanced load currents, respectively.
id’iq'ib = the direct axis, quadrature axis and zero seduence
armature currents.
ido’iqo = the direct axié and quadrature axis armature currents
- during the balanced steady state operation before
the transients.
ido,iqo | = thé direct axis and gugdrature axis armature
currents for the wmean position of oscillation.
ig s ig = the (8~1)"" harmonic direct axis and guadrature
axis armature currents during the transients.
. 0 0 ' .0 .0
idO’ 1q0 = the initisl values of iz and ig
O 0 .
1&0 = the value of id at the dying away of the
amortisseur transients.
U, W, Ve = the flux linkages of the pheses a,b and ¢ of the

arpature.

\+dv Ve, Yo = the direct axis, guadrature axis and zero sequence
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armature flux linkages. ,
the diregt axis, and quadrature axis armature flux
linkages for the mean position of oscillations
the terminal voltages of the field, direet axis
amortisseur and Quadrature axis amortlsseurg
the field, direct axis amortlsaeur and duadrature

axis amortiaseur currenta.

the field eurrent during the balanced steady-state

 operation bvefore the transients,

H ]

the field eurrent for the mean position of

oscillation,

the (s—1)th harmonic field, direct axis amortisseur
and quadrature axis emortisseur currents during the

transicents.

the initiel veluse of ifg, 1,9 end ikﬁ .

the value of ifg at the dying away ox the
amortlsseur transients.

the field; direct axis emortisseur and adrature

. axis amortisseur flux linkages.

the field, direct axis amortisseur and quadrature .’

axis amortisseur flux linkages during the balanced

steady-state operation before the transients.

the (s~-1)th harmonie¢ field, direct axis amortisseur
end Quadrature axis amortisseur flux linkaeges during

the transients.
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SR 0 o0 _. 0
the inztlgl values of pa, kd and Xq

the value of 13 at the dying away of the amortissew
transients,

the armeture resistance per phese of the synchronous
. . j:} R

machine,

i

the leakage reactance! per phase of_tﬁe'synchronoua
rachine. .

the magnetising reactance of the direct axis
circuits, |

the magnetiming reactance between airect axis
armature and the fieldse |

the magnetising-raqtance between the direct axis
armature and the.diiect axis emortisseur. |
the)magnetising reactance betwsen the field and
the direct oxis amortisseur. |

the direct.axis selfbreactanceg.

the resistence of the field and the direct axis
amortisseur, \

thelieakage reactances of the fiéid.and‘the«direet
axis amortisseurs | ’

the direct axié transient and subetransient
reactaneés. |

the direct axis impedances in blocked rotor testo.
the megnetising, resctance of the quadiature axis
circuitSQ | |

thé magnetising reactance between the quadrature
axis armature and the quadratﬁre exis amortisseurs

the quadreture axis self-reactance.

«
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vii
the resistance of the‘Qnadrdture a;is amortisseur,
the lezkage reactance of fhg quadrature axis
amortisseurs

the quadrature axis subtransient reactances

the direet axis and quadrature axis subtransient
open circult time constants. -
the direct axis transient open cireuit time

!

constant,

the zero sequence reactance per phase of the

synchronous machine.

the total balanced load per phése of a balanced
systém,

the equivalent balanced lozd per phase of an
unﬁalaneed systenms

the resistance and inductence of the neutral
impedancé-of the synchronous machine.

th

the s harmonic transferred transient and steady-

state neutral impedance of the synchronous chlneg‘

the resistance, inductance and capacitance per

phase of the balanced load in an unbalanced systems
the s harmonic tropsferred ‘transient and steady
state impedence of the balanced ioad in en unbalanced
system, | - |

the neutral resistance and induetance of the

neutral impedance of the balanced load in an

 unbalanced system.

the ath harmoniec . transferred transient and steady-
state neutral impedance of the balanced load in an

'unbalanced systemg S v
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the resistance, inductance and capacitance of the

fault or unbalanced lozd.
the gt harmonic transferred transient and steady-

state impedance of the fault or unbalanced load.

r3 + jx?; ri + 3x2; 22 = the sth hzrmonic equivalent steadye

state load impedencesj the egui-
valent negative Sequence impedance
of the synchronous machine,

th

zero time phrse angles of the s ang (s+1)th

harmonic quantitiess
the power factor angle.
the phase angle between the quadrature axis and the

current vector in the vector diagraem of a synchronous

‘machine on balanced loads.

time

the angnlar frequency |

indicates the rms values of a sinusoidally'time
varying quantity.

the abbreviation for "real pért of"

a/at.

Power, reactive volt-amperess

Meximm value of current, expressed as a function of

the derivative operator p.

any engle

the engle between, the direet axis and the axis of phase

aat time t=0,
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= the direct axis and guadrature axis operational

impedences of the synchronous machines
= Haximum value of the voltage_before the sudden

loading or short circuit.

= Negative sequence reactance of the synchronous

maehine;

‘A,B,C,b,01,02, K10K2!K5’K4

are all constantse
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|| IETRODUCTION s
- In normal operation, the synchronoﬁs gensra{or, nay be

subjéete& to trensient conditions, which mey result from.differént
possible unbalanced loads and fault conditions or from sudden short
circuits, The nature of the behaviour of the synchronous machine
un&er 2ll such abnormel operations, is very mch neceééary, particular-

"1y for large machines, in opder to apply proper relaying and £0r
study of stability. Also, the synchronous machine behaviour under -
sudden inauctive loading and oapacitife 1oading'is important,
especially for intercomnnected systems, with series‘and shunt cepacit-
ors as found now a days to increaée the stability of power system
and for'voltage regulation purposes, | |

|2 REVIEY OF THE PREVIOUS VORK

Shoxt'circuits on synchronous machines have been freated,
as early as, 1912, Boucherot presented his paper in 1912, after
following the enrly work done by Stelnmetz and Berg, He dealt with
alternatorse of the lamingted eylindrieal rotor type. Diamant
reviewed the work of Berg and Bpmcherot in i915, and gave expressions
for the en¢velope of short. direuit current. In 1918 he presented an
analysis of sustained ‘short. circuits, deallng princlpally wath the
nature of flux_distribution under that condition.' In the same year
Doherty proposed the ﬁse of thé constaﬁt flux linkage theorem in
dealing with short circuxts, and its use wes' illustrated in 1921 and
1923g Pranklin applied thie- method to a large number of cases of single
phese and 3-phase short clreults_in 1923. Additional cases were
solved by Laffoon in 1924, by uéing-théUsémé fundamentéllprinciples.
In 1925 Karapetoff analyaed the scme cases as those of Franklin and

Lafoon, but he staried from a somewhat different theoretiend hagﬁn
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l.es from Kirchhoff's Laws: But, he like Franklin aﬁdLa@écn ’
'neglected resistance,lwhiéh made the fundamental premises the  same,
since the Constant Flux Linkage “theorem is merely a corollary of
Kirehhoff's Second Lawe.- That is, his equafions involved voltages,
instead of magnetic linkages, and were therefore the first derie
~‘vvatives of the corresponding equationé\in Pranklin's worky
Involving tﬁe same assumptions regarding the circuits, the results
naturally agreed. |

;n 1923,_Lyon_ouf11ved e method éccor@}nglto which certain
low freauency trensient conditions in electrie madhinery nay be |
analysed by a wector méthod. From the vector point of view, firgt
proposed by Dreyfus in 1912, the transient voltagé or current mey
shrink exponentially as they rotates A1l of the foregoing
investigatians have dealt with cy1indrica1 rotor machines. Granting
the_simplifyiﬁg assumptions régarding resistance and saturation,
it mey be seid that a practical solution cf short circuits for the
cylindriecal tgtor type has been attained.

The important case of salient pole synchrpnpuS-machinea was
not considered till tﬁenﬁ In\1928, Dokherty and Nicklé were the
firet to develope the expressions for the transient currents in
- armature and field circuits for single phaée'short cifcuits'and
partial's%ort circuits, which were-applicable to both kinds of
\synehronous machines\j fhey had considered only one field wipdingg
In 1950, théy presented another paper for the atﬁdy of 3thasexéhort
circuits, épplidable again tn both types of synchronoué machines;
though 3—phase‘sho:t circuit studieé were already cerried 6ut for
eylindrioalirotor type only. They had applied constantlflux linkage
theorem to arrive at the résultss . They had not made another |

assumption thet the alternating qﬁantities change slowly anﬁ‘this‘



had led to a solutioﬁ oontaihing an asymmetrical components Here
a2lso they had considered only 6ne field winding.
In 1936 Miller and Veil extended the operational )

solution given by Park in 1929, Park had neglected the resistance
and at the same time the alternator was reducec to an equivalent
circuit, resulting in simplieity in its application to electrical
eircuit theory. ana in its solution, Miller and Weil haé extended
the solution by using the constants of the mdehine and circuzts
'arranged for the particulur solution, showing how these constants
are measured, convertea and applied, In 1937,_they used the equations
develope& in the previous year, to obiain the solution of the eurrents
in the armature and field cirewlts under unsymmetrical fault conditions.
They had applled the syrmetrical components of currents and included
the reslstance in both the xmature and field circuits. In 1936, they I
had mzde use of two rotor eircuits, but in 1937, only one rotor
éircuit. Smith nnd We ygandt presented a paper in 1937, in which the
starting point wus Park's formulae for armature and field flux
linkages of aﬁ ideal synchronous machine, simplified further by
assuming 21l resistances‘to be neglegible but‘notlin‘deerement “
factors. They used 2bfield_circuite in the dixeéfiaiiax

o :vCharles Concordia, gave a full theoretical treatment
of the varioﬁs types of short circuits on a sjnchronous generator
in 1951, For each case, ‘the expressiens for volteges and eurrents
are given. He had analysed some of the capes by employing " - ﬁ
eompbnents, The method used by him is'ta derive the initial values
of thé components of the eurrenfs by approximafe methods and to
estimate a time constant appropriate to each component..

A more rigorous snalysis of unbalanced conditions on
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synchronous machines was given by Ching Y.K. and Adkin B, in 1954
by using the Laplace traﬁsform method. General formlation of the
transient problem are given and harmonics éuring steady unbalanced
operation can be caicglated.
| The purpese of thg ppeseﬁt thesis is Yo analyse the

“trensient of e synchronous machine under any type of unbalanced
loads and faults by the use of.eQinalent circuitse. Equivalent cire
cuit appioach'is better sincé'they show more clearly how the results
- are obtained; A1l the fundamental frequency currents and voitages
and their harmonic components can be obtained from the equivelent
circuits,
In Chapter II, mathematical description has been given for
é.§ynchronous machine, including the vector diagrams-

| In Chapter III, the performanee equations for solving the
transients of alsynchronous generﬂtor, including the transient andi
‘subtrensient stages, have been developed for balanced losds and
faulte, dksregarding thé voltage-regulatqr»aetion, Armature transients
are neglecteds Tests are done with 2 salient pole synchronous machine
and cﬁrrent and voltage oseiilograms are taken on sudden switching on
and on sudden throw off of capacitive londs. Calculated and tests
results are compared. |

In Chapter IV, first the transieﬁt equivalent circuits for

infinite time hurmonies for thé'synchxonous nachine are developed,
neglecting the free transienﬁs% Sinusoidal compbnenté of currents
and voltageé are aéspmedgx Tﬁen'the transient equivalent circuits for
the load involving &ifferént frequénqies aré derived and connected

with the alternator. Their simplification éives the ladder networkss



In Ghapter v, the infinite 1udder networks, are 91mplifled
for certazn types of unbalanced loads or faulte,

In Chapter VI, single phase loads qnd faults are solved
in terms of operational impedancee, where Park's eQuations are made
use of, Sinusoidal time varying current.forms sthe starting point of
this ﬁethod, Then the transients for the unbalanced loads and faults
are solved with the help of ladder networks derived in the last
chapter ané\ﬁith the methéd presented in this chapter, Verification

with the tégt results obtained from oscillogram is done.

bl
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away with the troublesome equations.

6.
CHAPTER«II

A _SYNCHRONOUS __MACHINE

INTRODUCTION:~

Thi s chapter presents & mathematical description of &

" synchronous mochine, its oquivalent eircuits and steady state vector

diagramsc Ggrtain reasonable assumptions are made as follows to do
‘ 1

The first assumption is that stator windings are all
sinusoidally distributed aleng the air &ap aé far as all the mutual

effects with the rotor circuits are concerned. This assumption is

“Justified, since the windings are usuwally arranged 80 a8 to minimise sl

the hermonics.

Seeondly, it is assumed thot all electrical aﬁa'magnetic
circuits in the rotor are sjmmetrical about both the polé-axis'or
direct axis ana interpole or quadrature axise. Though there sre damper
bars, the iron in the rotor gives rise to 1nfinit§ number of,eiecfriéal
cireuits and therefore exact analysis is diffiéulf to achigve: Usu~
ally all the synchronous machines aré studied with-one amortisseur
kd in the direct axls and another kg in the madrature axis and the
same is done here. These amortisseurs in the direct and quadrative _
axis may be thoﬁght of as equivalent to all the amértisseur circuits
in the rotor." |

- The third assumption is that the stator slots éause no
appreciable variation of’any‘of‘the roéor inductences with rotor
angle.

: Foufthly, the effect of saturation and hysterilisis is

neglected.,



Lastly, the effect of the presence of eddy currents in

conductors is neglected.

7

2.2 SYNCHRONOUS MACHINE CIRCUITS

A synchronous machine with all three phases a,b,¢ lettered

in the direction of rotation, tie field fg-ana the amortisseurs kéL

and kg is shown in fig. 2¢1e Generator action is taken vhile

writing down the eQuations.

(2) Armature

(b) Field

(e) Amortisseurs

where all e's,i's, Y 's are instantaneous values.

[}
i

a=DPYa =ri,

epa® P Yeq * Tparlsq

Opg= O = PYya * Tyaikg

ekq.-‘r.O = P %kq + rkq.ikq

e,=pYe =-ri

1

(2.1)

(2.2)

'(2.3)

(2.4)

The zrmature voltage equations(2.1) can be transformed to

Park's equations by the fellowing transformation etuations.

cos( +120)\

e’d_

g
%0

4

r cos

-sin

5

cos(
<gin(

3

-120)

~120) ~-sin(  +120)
%

J

Exactly similar transformation equations for the flux linkages

and armature currents i can be written, once with E# replacing ¢

and then with i replacing e.
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t's equations are

ﬁpydfp0¢q-qm

a
& =oigrr Yoy
© =PYg- T |

Ihe\reversé transformation of equation(2.5) gives
e, ) cos - -sin 1] | eq
Oy | = cosF -128) -sin( -120) 1 &g
€0 cos( =120) =sin( +120) 1 N
, s - - 4L 4

and 4f's and i's transform similarly.

Flux linkages and inductance relationss~

become much simpler when expressed in 440 variables.

Va

Yq
Yo
¥ 1a

o

Yxq

2¢3¢ PER UNIT REPRUSENTATION & EWUIVALENT CIRCUITSS

(2.7)

The relations between flux linkages and inductsnces

=

=

=

Py
E—1

~Xg+ig *+ Zgga * Xaia 3g

=X i |
=3/2 %g8q, 1 * %pra.leq * Xgra. Yxd.
=32 %ea.40 * *rraiea * Xeka.tkg

~3/2 Xapq,iq * *xxq. kg

The relations (2.8) can be written as

Direct axis

Va

Y £a
Yxa

-

_ /) ) 7
“X3,1g * Xgpq Ipq * Xgg lxa
fon L Xhen don 4 Xews Lo
“Xefa *a * %pra, *£d * Frkd “ka
N / N / i/ ) / i/
Zakd *a t Erkd *£a * Fikd ‘ka

|

(2.8)

0(2.9)



Quaedrature axis

/
7
Ya = =%g,1q * Zayq, kg
. "y / .
Yxq = ~Xgea.tq * Txq. kg (2410)
Zero sequence axis _ _ _
Yo = ~%o.%o | (2.11)

where the primed inductances are g, times the unprimed inductances
in henries, and the currentis are 2 . times unprimed ourrents in
amperes. : ’ N - (2.12)

Bquations (2.9) suggest as if there ére three magnetically
interlinked coils with reciprbcal mitual inductences carrying |
currents iy, ipq and iy, in the direct axiss Similerly emations(2.10)
sugzgest the existance of two magnetically coupled coils with current
1y end iy, in the quadrature axis. R

- The rotor Guantities of equations(2.9) and (2.10) can be

transferred to the stator or erpature side, as is done in transformers,
that is, all the quantitles may be expressed in per unit values by
dividing them with the corresponding base valves. The base velues for
currents are inversely proportional to the number of turns, the base
values for voltages aré directly proportional to the number of turns
and the bese values for impeéances are dlrectly propcrtianal to the
square of the turns,

Yhen all the'quantities are expressed in per unit, then the
equation (2.9) and (2.10) can be used with primes dropped'whiie the

unprimed represents the values in per unite Assuming the following

relations:

Xara

4

= Xopd = Xaq = Xk = direct axis magnetising reac?aneg.

Y -2
s

TEs
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xé. = Xg = Xgq T armature leakage reactance.

Xp = Xppq = Xgq = field leakage reactance. .

Xy = Epypg < ¥aq = direct axis amortisseur leakage reactances
Xaq = xékq = quaﬁratgre‘axis wagnetising reactance

Xg, = %g = Xaq (2413)
g = kg = Xgq T Qnaﬁrature axis amortisseur leakage

reactance.

the eauations (2,9) and (2.10) can be written as;Direct axis.

de = "'31 ® id + xad( ifd"‘ikd"id)
Yxa = Xeq, dpg +%aqlieg*ixa=ia)

. Quadrature axis

ybq ‘ = —xﬁiq + Koo (ikq? iq) | (2.15)

Yeo = Zeatg* Zag kg~ 1o
Zero seGuence axis ‘

‘yb ' = =x3 14 (2.16)

' The equivalent cireuits of the figures 242(a), b & (c)

can be drevn from the above equations(2:14) to (2.16) and the voltage
relationa(2.2) to (2.4),
Reelprocal per unit Systems=- A system, with similar.mutual éerms as
described above, is known as the recipropal systems The base values
of armature current 1, and voltage 6y are ordinarily determined by the
pachine rating. The base values for id’iq and €q,8q are the same as
those of i, and e, as the transformatien equation(2.5) suggeste. If
e and ia are expressed in reme.8s values, they are 4o be multiplied by

I2 to gét the vase valuecs for e, und ige
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The base currents rqr_the rotor circuits, can be
obtained from the emivalent cifcuit 2.2(a)s The field currentg iﬁd
in the field produces arﬁature linkages
\yd = Xpg.lpge On open ecircuit and at rated speed (p@=1)
°q =Yg = Xaq.15q

On normal armature terminel voltage eq§1.0
when the actual field current'corresponding to rated voltage is

ifO' then
The required base field current ins(base) = %aq 10 ampSese(2.

Let the absolute value of field registance r¥a in ohms be converted
to per unit sycstems From the air gap liﬁe of the open eirecuit
characteristies, ifd(base) can be obtaineds Then in the eguation

(2,9)3
/

icq (base) = % ipg (base)

BEffective turns ratio between stator and field turns
. . \

= _fd(base)

ia(base)

/
Teq = % Tpqt when referred to stator, will become a5 in transformers,

/
Tfd x (turns ratio)2 )

/ i /
= Ipq X fdébase; ]
. ia base 2

2 i.. (vase)
Ted (i*z;ﬁrfgameﬁ'::_{)

8 2

rfdl ifdgbase%
ia(base

Wiy ok

{1



12
Vhen referred to per unit system, this becomes

2

Tta (pou.) = -%— Tea [uiiﬁibaﬁsl._J ig(base) (2.18)
| *a(vase) 8 (basge)

The base value of p & = the rated value of p@= 2 Nf
where f is the rated frequencys
The bace value of p or -g'i;' = base value of p @ = 2 Jf and the

1
bage value of time = 5T T

Thus the inductance in peue is the came as the reactance
in p.au. 2t rated frequency, with the above definiéion of base values.,
Henceforth the reciprocal system of units and per unit
values will be used, unless othe;wise specifieds
Freguency Locizz From the equivalent circuit of fig. 2.2(s), it is
noted that qfd is a function of i; and egse Thus a relation may be
obtained as |

\}[d = - 3d(P) id + G(P) €ra

when epy = 0 and i, is varying sinusoidally at & freawency of w, then
p can be replaced by jw.

Therefore, \Pd ean be obtained from the equivalent circuit
'_2.2(&) by putting Cpq =0 and by dividing all the parameters by
w = p/J. The modified equivalent circuit showing jY; = =3 xa(Jw)iy
and the corresponding frequency locus ave shown in fige 2.5(a) and
(b) respectively. In the figures,

xad.Xf.xkd (2.19)
Xad Ff + 5. kd + *xd.Fed

xd" = xd(jW) = Xl +
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In the egnivalent eircuit 2.2(b), \]fq =—xq(‘p) ilq

When iq is an alternating quantity of frequenecy w, p=jw
and d(q can be obizined from the equivalent circuit 2.2(b) after
dividing all the parar'ne-’cers' by w = p/j. The modified equivalent
circuit and the corresponding fretuency locus are shown in fige 2.4

(a) and (p) resapectively. Also,

*aq.¥kq (2.20)
Xaq e xkq

xq" = xq(jnO) = X +

2.4 STEADY STAIE VECTCR DIAGRAMS

For balanced three phase stez—ﬁdy state operation
=0 s 520, p=0 in ecuation in {2.8)
and.pﬂzl‘l (at rated frequency)e. Pherefore, the eguation (2.8) can be
written as

ed = -\l/q - rid . (2.21)
eq = \Pd - I‘;g

In equations (2,3) and (2.4) also p=0, ipg=03 dyq =0
' JEquations (2.14) and (2.15) show that

Ya = =l + 3g9) 1g + Xpq, gy
Yo = = (g +x59) 14
e

Tpd

Now ipg = is the wteady field current, therefore xgy i, is

the open cireuit voltage By, So from the equations (2.21) and (2.22),

(S8 3
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= By = (xd -xq) ig = xqid - i,

Putting E'= B, = (x.=x )i
0 d “g/a

It is evident from ewotions(2.21) and (2.22) that all the uantities
referred have steady magnitudes of zero freduency and therefore the
arpature phase voltages and currents'are of fundamental freduency as
is obvious from the transformation emations(2.7). Hereafter, the

superscripts are employed for the frewenciess Therefore

o o .
e, = €q €08 = e sin
“La = ig cos = ig gin
where =t + being the angle by which the direct axis leads the

axis of phase & 2% 4=0. The vectors e, and ia,may be expressed in
complex form as

o

g =g = eg‘+ Jeq

and i = i) = 19 + J ig (2.24)

&8

The eguation (2.23) cen be vritten in terms of these complex values,

as

e; = eg + ] eg = JE' - (r + 3 X%)l," (2025)

1 shoﬁld be remembered that Eo and B' are only the magnitudes and
not in complex notation.

The phase displacement between e1‘ and i1° ip the same as
that between e, and i,, since the transformation equations for both
voltage and eurrent are of the same forme Thus, the phase currents,
phase voltages and the angle between them being known, the vector .

diagram can be dravm. Add the €1°(r+j xq) voltage drop to the terminal

YR e
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or Pn= - B,
T
and the power angle & is the angle by vhich eq leads JEyo So from

enation (2,26)
| E, |e}|sin$ eil ?

‘0 1 - + 1 (__1_,
*q

xé“

8

Pm = -31;— ) gin 25 (2.27)
,_ -

N

Reactive volt=amperes for a generztor,

G =el (31]) =6 ad - o230

g
On similer substitution 2
- Ey [eq] cos§ ( s <l |e1l
d q d 4.2
AT s MR N E—ll cos 25  (2.28)
Xq Xg e *

On similer conside;afions, the reactive volt-amperes for the motor

g
. |21(,1+.1)_(__3____1__)

2
e E, |e!
-—-;-g\.-. cog 28§ = -'QE'L!-" cos $ (2'29)
d

The gemerator vecior diagram of fige 245 can be re-drawm as
_ 8,9,10
gshown in fig. 2.6 with the new vectors Eg and Eg “introduced e .
It is clear from the figure,
0 0, .0
Bd = @, + 1

O
gtigrt g™

=Yg - dgr + g+ g%

RTL 0
=Ya*tlax
= 2ir gap flux linkage in the direct axis.

= x5 (g0 = 13 ) | (2430)
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Now B

K2 O

- ogri3r-13 xg

o o o 0
== g=-lgptigpr=-1iqg %

© .0
- ( g * ig x&)

[{

= air gap flux linkage in quadrature axis (2.31)

0.
= xaq iq

During steady state, whén ikq,“ 0, the line ab = X [i;l
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CHAPTER - III

TRANSIENT PERFORMANCE OF A SYNCHRONGUS MACHINE
ON _BALANCED IOADS OR _FAULTS,

341, INTRODUCTION:

In this chapter, the transients of a synchronous generator
wilthout any voltage regulator, have béen analytically solved in two
stages - subtransient and post-subtraﬂéient,'the~former being of very
short duration compared to.the latter, ;

In addition to the aseumptions made in the article(2.1), th
following assumptions are made here for the solution of the transient

The solution of transiean is divided in two paerte(as in a
linear static system) - free transient or complementary functzon,,ﬁhm
is obtained by edquating sll voltages in the ﬁiffereht circuite to zenr
and particular solution or péfticulgr integral which is obtained by
solving the simplified differential equations of the eircuits with
their réspeotive voltages. The actual initial‘armature current is
eqMal-to the éﬁm of the initial value of the free tfansient of the
armature current and thé initial value f the partiéular solution.

Since the rqtorzcircuite have 1arger time constants, the ra

of varigtion of the d-q a2xis currents in the particular solution is w

glow compared to p & which is unitywl
S0, it has been essumed that the amplitude variation of the

syrmetrical components of the armature voltages and currents is smell
~ compared to their frequency variation. This assumption simplifies th
particular solution and the whole operatlon during the subtransient

and post<subtransient stages may be referre& to s+eady state vector

diagram as deduced for a synchronous machine.
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The free transientp dies away very rapidly i.e., it lasts
for a few cyecles enly - & very short duration as compared o the same
of the particular solution, so it can be ﬁeglectéd easilye.

It is assﬁmed that the frequeney or the speed does not
change appreciably during the transients.

The voltage regulatof action is disregarded that 15; the
field voltage is assured to be constant. |

3.2, DIFFERENTIAL EGUATIONS OF THE MACHIRE CIRCUITS:-

Let the total impedance per phase of the loads or & fault
be R+j (xL -xc) = R+jx in per unit referred to the machine bases. T
the voltage eqation of all the phases can be writien as

g = Py - rig = (R+gp + Fo )i

P
ey = p\’/b - Tiy = (R Xy D ¥ f.‘?..) ib _ (3s1)
: P
8 = DY g = Tiy = (R +xpp + f%-)ic
Pz\}' a = {(r $R) D+ %, p° 4 xc} 1
pth, = {(r +R) p + xp, p2 + Bq } i, , (3.2)

pz\{;c = {.(r +R) P+ Xy pz +_xc} ic

The above relations when transformed to the d - 4 « 0 axes by means of

emation (2.5) and similar to it for l{/ and 1, become

p[" ..p\),d +XpD id + (r+R)id +pa‘fq "9,0_‘\{14 iq]‘i- Xy id

= pﬁ{-p q;q + xpp g +(r+R)iq “poﬁ('d *D8xy id] | : (343)

and
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P {-Pﬁ + Xpp 1g + (r +R)ig = oYy + pOXy id] e 1

= ..pe[,,p ‘}’d + Xpp ig + (r +R)ig + pa(,bq =P Xy niq]

In bai;nced loads, the zero sequence currents and volﬁageé ars absen:
In the above equations pe= 1

For‘an inductive load only, Xa éO and eaquation (3.1) becomes

p\j»a-‘-{(r +R)+><I,p} iy |

Py = [z +R) + 3 0} 4, (341 2)

PYg = {(r +R) + % p} i,

The above relations can also be transformed to the d-0=0 axes ag is do

~

in obtaining eauation (3.3); The result is

-and -’ |

p{Yq - mq] * (fa = Xg) - (r+ R} =0

where X, = X
The equation (3.4) can 21c0 be obizined from equation (343).
The 801uﬁionvof this equation and the equ-tions (@.2), (2.3) and (2.4)

determine the performance of the synchronous machine completely.

303 THE_ SOLUTION OF TRANSTENTSS

| Since the free trancient is neglected, p is assumed to be
gero in the pariicular solutign; The equations (3.3) or (3«4) cam
therefore be written as

“§ = rig=Rig=Xig=eg



25

and

Ya = Tig=Rig+Xig=eq
N which ie similar to equation (2.21)
Thps the whole operztion cen be referred to the steady state vector
diégram, as éeriﬁed in the article 2.4. S0, the above equation is
valid even though the loazd does not consist of series impedances onl,
R. + 3 (xL - x‘c) = R+) X stands for the eQuivaleﬁt total load
iipedance, | |
: l During trensients, in the vector diagram 2.6, .
air gap flux linkage in the direct axis By = xad (1,9 + ikg - i3 ) .

and 2ir gap flux linkage ir the quadrature axis,

]

; - O-O
- =BEq = Xgq (yq -1

q )
As explained eesrlier, the analysis of transients for the armature anc
field circuits is divided in tworparts = pubtransient stage, where t}
amortisseur bars are aasqmed to carry'appreciablg currénts and the
post=subtransient stage, where, they have dled down to negligible
velues. |

All éinusoidaily varying quentities are represented by the

complex notation, unlegs otherwise statedy

3¢3¢1 ARMATURE CIRCUIT TRANSIENTS i

(1) SUBTRANSIFNT STAGE
At this sotage, the solution of the transients for an
unsaturated synchronous machine is not appreeciably different frbm the
geme with neﬁ-linear megnetising ehoracterietic.. |

Phe following relations may be obiained from the vector

diagram of fig. 2.6,
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) 0
led] = %+ Fq)® @24 D)
_ (R +r)2 + (X +xl)2

1
1 leq |
[4] ) 55
R+ X
¢ = tan™! _X_
R
o
A = tan ! s
-0
tq
Eg = (R +r) ig - (X + xl)ig
Eg = (R +r) iq + (X +x1) 1§

The egquation (3.10) ean be written as

. O : 0
ig =4 Eg + B Eq

0

i q

o ) ,
q =BE-AE

where

A = " X + xl v
(r +r)2 + (X'+X1)2

E +r

B SORELILE

TR ) 4 (X 4mg)°

ion - i =Yz 10 e ;o
Determination of the initial values (Edo 9 qu) of Bd and Eq

(346)

(3.7)

(3.8)

(349)

(3.100

(3.11)

o .
FL

The flux linkages of rotor can't change suddenly and so

they will remain at the same value initially as they were btefore the

sudden switching operation.

Therefore
t}jkcalo Fig0
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' o . o |
or Eao = Bap * Xxg iyge (3.12)
and 0
%}GO =fp}do
| o 0 ; 2 : o
-0 . 0 0 2]

Eliminating ifdg and ikdg from (3.15) by means of relations
(3.12), (3.13) and (3.14).

. 0 o
Edo + (xd" - X&) idO = EdO + (Xd" -xi)ido (3.16)

where, as defined earlier, the direct axie subtransient reactance
X o Xo X - o

X adx‘gk xagﬁ + Xpq X (2.19)
ad °f f “kd kd “ad

xd" = X, +
Now éliminating 168 from (3.16) by the equations (3.11) and (3.16),
Bap + (X" =x,) igg = Edg + (xg" =x,) [A Edg + B qu ] (3.17)

Similarly for the guadrature axis,

0
‘f’kqo = ‘*’i:qo (
' . ) ' o
or -bqg = o qu + xkg ikqﬂ (3.18)
Also ~Eqp = =%aq iqo ' (3.19)
o . 0 _ .0 .
=By = Xaq (igqp = iqp ) (5.20)
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Eliminating ikqg from (3.20) by the relations(3.18) & (3419)

. . 2 0 _ _ 0
Bop = (xg" = %) igg = Egy = (xg" _"b-) 1490 (3.2

where, as defineﬁ earlier, the quadrature axls subtransient rez

xq" = xe + ____3_______& ‘ _ - (2.2

Xgq * xkq
Fliminating i,] by the equation (3.11)

: s o 0
Bgo = (xg" =%, )igg = Bgg = (xg" =xp) (B Egg = & Fq_o] (3.2

Solving (3.17) and (3.22) for EyJ & qu ,, the following relatio

_are obtained.

g0 _ (1 4a (Fg -*)) [Edo « (%a *¢)iao) - B(Z" »t)[E "(xﬂ
a0 [1 +A (xg" —;L{l[j+ﬁ (z4q" -XQH+B (xg" =x. ) (xd -x.)

o - [1 +2 (xg “"e)]‘[E g0~ (%q" -Xg)igol+ Blxg" -xp) [ o+ (*g"=
S T G ] [1 o G )] 2P gt ) g o
. LI (3 2

Solution of the amortisseur voltage equationst The amortisseur -
rquations must be expressed in terms of Ed° and.qu. The soluti
these equations will then determine Ei and Eg as functioﬁs of

Assuming constant field flux linkage in the subtransi
stage, whneh of very short duration '

‘}’fd = Yra0

or
0 i’ E i
a * Xr *ra T g0 * T ‘rdo

With the help of equation (3.14)
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E
(o) o : do
By + %o 1 = B + X ( + 1.4)
d -f fa dO f Xad dO L
x
= (1 o ) + Xo 1 (3024)
0 ad £ vdo
 Also L’g = X, (:rfg + ikg'- :l.;) | (%425)

Fliminating :1fg and ig from (3+25) by equations (3.24) and (3.11)

o .
- where C = = + A
xé -xt ,
and the direect axis transient reactance
1 - Xe Xgq
g = X ¥ Xp + X9

Now voltage equation (2.3) for the direct axis amortisseur can ‘be
vritten as,

_ . 0 -0 :

Again . AP
0 Y s 0 ' . ,
| -Eq = Xgq (:.,{tq - 1q). _(3a28)

Eliminating ig by equation (3§11)

o 0 ) ,
g = BBy =D Eg '(3,.;,29)
where D = A + El—_
aq

Again the voltoge equation (244) for the @adrature axis amortisseur

can be written as
_ ' o '
(xkq Bp +rqu) Ed [(1.+xkq D)p + Pyeq D] Eq (3&30?

Even if saturation is considereﬂ, the change in values of x;' and x,"
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not\gppreqi@ble,”since:xf and X, 4 8re very small

.30) yield the result as

45p + fkdB)'f [(1 +xkqp) p +rk¢D]
x [k1+xkd0) p +rkd0] ' ) l' (3+31)

and

TR

® - [%iq Bp *?kq‘f] [?“‘gta'-{ Fag(C-4) + ?dg}]

- {1 +xkdc)p + rde (1 +xkqp) D +rkqp + [xkq_BP + ngB]

X[;kdﬁp.+ rk-B]

Ob¥iously tune solution of the above equation is

* e - L e Ao ~7 . ’
E) = 040 L Cye =72t + B39 | (3.328)
- .0/ . ’ |

» ‘ B 4+ CD
ond B o Cem 3, o o= X2t 5 of (3432 b)

q = ¥ ToveE q0 '

of 4 . |
where Bl ‘= [Edo (C=A) + idolx - B
: : ) B® + CD

Hereix,and'qéare the roots of the equation in p obtained by putting

the(%encminator equal to zero.

< The constants 01 and 02 can be calculated from the initial

values Edg and qu as already obtained in eqn. (3723)
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When Eg and Eg‘are completely known at any time ¢, then
from the vector diagram fige 2.6, through the relations (35.6)

to (3.10), fejls |l o i3, 1q , A ete. can be determined,

Lg g gpecial case, consider the sudden throw off of all
loads. In this case

A =0 B =0 \ (3433)
So » B0 & Bgy from emntion (3.25) are

e
Bygg = Bgo * (%3" = X9) 149

(3434)
Byo = Bgo = (xg" ~%)) igg
Also C = x11-x and D = ;i;~ (3.35)
d 1
Therefore, tﬁe equations (3.27) and (3.30) take the form
Ty [C Bgo + a0] = {;1 +xkd‘c )p + 140 | ES (3436)
and |
{(1 Mg D) D+ rkqp] B =0 (3437)
The solution of the above equahlons, gives
B = Bgg - (5 - Tgg) o ¥a0")
, 33 qu e~ (/T qon) - (5.38)
where
0‘

/ ,
Byg = By + (%g = %) ig9
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and the open circult direct axis subtransient time
c X__+ X
Tt = zkd _ 89 Txkq
, Thd.’ Txq
{

Thus it is obvious that if the machine doecs not contain

constant

amortisseur winding, the subtransients do not occur.

ii) POST~ SUBTRANSIENT STAGE
 Vhen the amortisséur“currénts have disappeared, in the
vector diagram of fig. 2.6, the line ab = Xq '[i;] o Thus

the following relations can be determined trom fige 2.6

i ;[i}( sin ) = ky fi“

ig =,i}l. cos A = ky i: (3.39)
wheré :
k1 _ X + xgl
/rkH'+r)2 + (X + xq)?
R+ x
/ (R + r)lé—; (% + xq)i-
v 0
Also Eg = (R+1) iy + (X + xl) igv+ ky i
. | . 1 e (3.40)
Bg = (xg=%)) 45 3 |iq( = ky By ,
1
] = 2 _ 0
legl = /g +x2 v K, B
where .
(R + r)k2
k3= —E Xm) ks Vigk)

Therefore, the transients can be‘determined in terme of only one
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unknown Eg
, . y |
Determination of the initizl value Bgy = The initial value of
S S .
Eg for the post-subtransient stage, (Edg ) has been determined

already in the equation 3432 as

B3 = [Edo. (C-4) + (iao]x -—5-2-3:-&
_ The initial value of Eg (Edgl)'can also be defermiﬁéd in terms of the
constents of the equation (3.40), - |

Assuming that the field flux linkage hos remeined constent

a8 it was before the(sudden swifching operation -

Therefore, .o
Y2a0 = Y10
or
E A i g9 3 0f o
a0 * %*¢ *s00 " "a0 * *r ‘*rao (3441)
Also Fap = Faq (Lgao =10’ | | (3.14)
| 0-‘ - . o‘ ’ i O‘ : »
Bao = Xaq (igg0 = e 0 o (3.42)
g O
0

From the equation (3.40); idg.’ -E;—

Solving the above equations for Ehg'
.0 _ Zao +{% Fe)iqg '. (3443)
a0 = , N * |

Ap already exp}ained,‘the value of xé‘ is not appreciably affectedy
due to saturaiion, 20 the above edquation (3,43) is applicable_
even when thé setursticn in the.golé*&xis\is éonsidered-' “

| After the-subtransient'perioﬁ'iqe. during thevpost- 

subtransient period, the air gap flui‘Eg is given by
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E] = xad(ifg -"ig‘ ) | | (3.44)
or : a ‘ :
Lo CEJ(1 4 -é%;—-) | (5.45)

fa~ 'xad ) _

The voltage equation of the field, from ewation (2.2) is

o | 0 -
eta = PYea * T ia (3.46)

NowVpg = Total flux linked by the field coils
' = air £ap fluxﬁﬁg + field leakage flux
From equation (3445)

o 0 i A 4 ] | (5.47)
i =% | g ksl |

Substitution of the values of 1,0 andY,q from equations (3.45) and
(3147) in the equztion (3§46) results. |

. X X, r r
. [<1+~.f..+-f-)p+---fd |
Xag

®ta 3 ’ Za4 k3

RO I “sd b (3.48)

d 1 Fea = Tpg

[ il R el

ad ad 3

Clearly, the solution of the above equation is

o -Bt . 0 ~

Bj =0 Pt 450 v | (3449

where
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le-*X? EES'J + {e}l post=

le:' [leﬂ subtransient =k,
subtransient (3.53)

" The current’\i}] may be obtained from the relation (337)

343.2 FLILD TRANSIENTS

Since the field flux iinkage is constant, the field

currnet for the subfransient stage may be wri*ten as
- E°

4.0 . g ; dpa0™ d - ~_gg___,__g____g______ (3.54Y
£d Xp Xp

- But during the subtranaient.period

L0 - A ¢ =t 0
Eﬁ e G1e + 023 Ddo

So eqQuation (3.54) can be written as

o _, o _ 1
lea =io0 = % (Cqe

+ 029 ) (3455)
where B E | S 04 h
of a0 +%¢ tea =
ifd@ | = 2 xf

For the post-cubtransient period, the sipression for field eurrent
has 2lready been obtained in equation (3.45).

S1nce the time constents for the amortisseur transient are
small, the equations(3.45) and (3.55) may be- combined into a single

eduation euch as

X poay 8% o
-0 ‘ad -t )
lfd X f :

ad
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For sudden throw=-off of all loads, according to the
equations(3.38) and (3.55) the field current during the subtransient

stage is,

.0 _. o A (p O o' | =t/T. "
ipa = ipqo Xg (Bgg = Bgp ) e 740

(3.57)

During the post=subtransient stage, the field gurrent is determined
E

by equetion (3.45) with 1 o i = 'x:a 50 the
3 .
combined equation for the field transient is
(2] )
E : "
0 d _ A . 0 o'y ~t/%
1pq = - ” (Ddo - Ego ) e a0 (%.58)

3e4 TESTT AND VERIFICATIONSS

A salient npole synchronous machine (G.E.) rated at 110 volts,

21 amperes, 4 KVA, 50 ¢/s, 1000 rep.m. star wes selected for tests
and vebifications. Volitages and currents oscillbgrams for sudden
eapacitive loading and sudden thraw-off of capscitive loads have been
taken on this machine. The guadrature axis amortisseur bars are
incompletes The oscillograms are compared with the values caleculated
by the met od described in the last article. The following tests
‘have been conducted to determine the paraweters of the machine,'which
are necescary for calculation purposes. They are all in peu. unless
stated otherwise..
34010 IESTS
Test Nos 1 The resistance per phasge of the armature has been

neasured by ordinary voltmeter armeter method vith

g deCe BUDDPLY.

The corrected a.c. resistance = r =0.0333 (3.59)
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Test No.2 The d.ce field resistance has been mezsured similarly,

rfd(ohmic) -] 29 ohmea. » : (3060)

Test No.3  Block rotor tests have been done on (1) direct exis (11)
and the §uadratupe,axis. The values obtainéd are
direct axis = 0,0445 + § 01122 = r' + Ix'
Wadrature 2xis = 0.0605 + j 0,364 | (3.61)

'Test Nos4 Blocked rotor test on the direct axis has been carried out
~ with the field circuit opens The value obiained is
I+ §x" = 0,0740 + J 04148 © (3.62).
Test Wos5 The open cireuit and short oircuit tests heve been
B performed, The curves are shown in fig, 3.1 vhere the
induced voltage is the line to line voltsge and the short
circult eurrent is the phase current of the star-connected
axmaturé. The value of xq 18 obtained from ‘the éir gep line
and the sﬁort cireuit characteristic.
Xq = 04900 | (3.63)

i

Test No.6 The maximum-lagging—current test has been done on unloaded
machine with a d.c. motor coupled with it supplying the
no oad lbsées‘ The negative excitation of the machine
has been gradually increared tillfihe’rotor slips by one pol
pitch accompaniéd by a2 sud&én'drop in'current@‘ The
armaiure and the terminal voltage of the machine have
5een recorded at this pqiﬁt, that is when the armature
current VAS mAXimuMa Then the éuadraturé axis gynchronous

is given by -
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xg = o (3eea)

© where i ig the wa.ximum armamre current,

Phis test wne carried out and the result was xq = 0.432 (3.65)

Test Ho. 7 Reluctance motor testt The eyncbronous m?chine is
run as a reluntanee motar and the load is increased .
'till it steps out of synchrqpism. At this juncture 1ce.‘
et maximum power conditions, currer;t, volts and power
are recorded. - | |

2

Now reluctance power P = —— ( x3 - -%&- Y ein 2% (3.66)
For maxirmum reluctance power § = 45°
ax © ........g" (,}E - &) o - (3.67)

Assume xd

-—--"k

X

4 2 L
. A _
ot Pmax.\ = s:%‘-l— (1 - ‘T.) es0(368)

From the vector diagram

Vein = xq Iq

e I

v \ .
= oy 90~(3969)
Y o ”

Also : B
" By = V cos§ =Ig X5

N Iz - atv Here E =0, because of no fieid ‘
d v 07 exeitation.. (3.70)



w s .

. Now / II;JEE + IE". - -AL—? /[ $J—%r2

q. g /~§9~ o xd q
| I %2 1 -
6 e ooem——— " (3.71)
* X Tk
From relation (3.68) and (3.71)
max k=1_ - - (3.72)

o N ke

Sl
7 . . .

Pmaz, V and I being known, k can be determingdq' :

The value of k which is greater than ome is retained. Thus the value

of x4 and X, cen be obtained. An advantage of this.me%hdé is that

the values of %y and x, can be found under approximately normal

operating conditions,

This test gave the following resuliss:

Xq = 0,897 peus |
' ; : ' - (3 073)

Eq 210{431 roﬁo

Test No«8 The slip test has been carricd out for the verificatiion
of .the values of X4 end Xq obtained earliers The values obtained

N\,

are '
xd = 0.\86
(3.74)
Xq = 0393 .
These values are in close proximity with the values already obtaineds
However, the values chosen for Xq and Xq are the following, since slip
test has some inherent errors. |
:xd = (0.897

(3473)
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The valucs of Tra, Xp and xy can be cllculated, from the
above tests aé“ékplainéd belows In the equation (3.61), the direet
exis value r' + j‘x' = 00445 + 041122 is the value of the impedance
of the circﬁit,consigting of J xad.réa +J3 Xp and rkdw+ j'xkd éa is
evident, frém the equi&alent circuit of fige 243(a)e Again 2" + jx" =
“0.0740»+ b 0¢f480 of the equation (3.62) is the.vaiue of the impedance
of thé clrcuit consisting of r +~jﬂx1 in series with the parallel -

combination of J x4 and Prq * J Xpqe Theretore

(r!_r) "'j(x. “xt;) - (1‘" «-"1')_\“14"-13(1" ,;x&‘) = rfd ry j xf (3075) _
In this expression, only Xy ie unknovn in the left hand gldes Thus
the values of Tpq 804 Xe have been'ealculated for different values of
X, 8nd they have been: plotted on the base of xi as chown in fige 3.2.
Also the values 0”7 rp; determined from the ohmic value Tgq Obtained
from test No% 2 for different values of X are plotted on the same .
: abscissa of %3, The intersecting point between these twovcurves gives
the Valuee Of Xf’ I'fd &nﬁ xlb; ’

As obtained in the relation (2.18), the per unit value of

field resistance
2

i E SRR |
2. fd(base) al{base -
Teq = 5= Tp.(ohmic) = ]X —-é—:—} ‘

igg being the actual field’eﬁrrant corresponding to the rated

voltages
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How ifO from the air ga@ line of the open circuit

characteristic corresponds to 1.497 ampers. Therefore

rd(vase) = (x4 =%;) % 1.497 emperes

ia(base) o1 xI2 amperes o (3.76)

(110 x J2 )/ J3 wvoite

it

®a(vase)

The value of Tpg ST calculated for different values of
%y by the relations (3.76) and (2.18) and they have been plotted in
fig. 3624 |

The intersecting points between these two curves give

L
Xy = 0.0803 | (3.77)

rkq’and X)g are obtained from equation (3.62). Thus, the entire
parameters of the synchronous machine as determined to a fair

appreximation from the above tests, are listed belows

Xag = Xq =X = 04897 =0.0803 = 0.8167

Xeq = Xy =%y = 04431 - 0.0803= 043507

x} = 84133

xd" = 901122

xg' = X" _ 04364 (3.78)
rkd = O 00482

0.0710

b
)
=8

i
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Thus

ifd(baSe) = (xd —xl):x 1,497 amperes
= 1.222 amperes (%.78)

Bede2e TRAVSIENT TOAD TEST

(1) SUDDEN CAPACITIVE LOADINGs=

The mechine initially generating rated freduency and rased
voltagze on no lond, hes been suddenly loaded with a capaegitive
reachtance of R + j¥ = 0=j5.26. The d«ce supply given to the field is
assured to be taken from a constént large capacity generator., The
field has been connected in series with a resistance to the above
d.c. supply and the steady field current ifdo ig 1.58 amperes.

After the machine parameters from tests have been
obtained. the particular solution of the transient can be determined.
The operatinn~during the subtransient stage is determined approximately
since the amortisseur has a very small time constants The free
transients, as discucsed enrlier, is disreggrded.

The paramcters obteined from a1l eduations(3.59),(3.64),

(3673),(377) ané (3.,78) are .

r = 0.0333 Xpq = 00710
1y = 00803 %y = 0.897
Xf T m 000555 Kd' = 0133
eg = 0.01082  xd" = 0.1122
Td = 0.0482 Xq' = 04364
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(a) Subtrensient Stages-

The resistance in the armiture, helng very small, is

neglected for the solution of the subtransient period

A = 2711§" = = 01871 C=A + ‘1 = 184763
B =0
X = «5.26 | D=4« '-%— = 241%4
49
So
B .
i34 40, = 1,006
| "
1 + {xd xl) A
i O QO -
Ly =33 =0
5O Bao (c-4) Bao 1.0
a0 = C X1 _%, =le
1 + " '
3

There is a single time congiant

x, .C
1.1 Lt ke o595

-aﬁ

oA oy = TyaC
Therefore, for the subtransient stage

30 = 1,011 = 0.0058 /2575

As‘éiscussedp the %eﬁm'01005e-t/éq575 subtracted from
the tiw: furction of Eg in the post-subiransient stege, gives the
total transieﬁts.

(b) Post-Subtransient Stages~

R 44X w 0 ~§5.26
From relations (3439) & (3.40) end fige (2.6)

ig =k |i;i

.1
0 =Xk
iq 2 ‘ 11‘
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where
. X+ x4
Ky = 8i0A = m—— = =0.999 (3.79)
/ (r +r)2 + (X +xq)2
k, = cos A = 0.0446
and
) £ 0 3
1 ' i
¢ =/ 8% + 2, k, E :
where : : i
§R +1) ké | :
| I
-11; = 04193 t (3.80)
3 ' |
| !
)
R + X2 . k, = 1.015 B
The base field current = ie (base) = 1.222"amp§res
Therefore
. _ 1.88
ra0 = T.222 = 14293
The total resistance in the field circuit
a) = 1D
rfd(ohmlc) =-Tkg = 47.4 ohms . (3.81)

- —ggéi- X 0.01082 = 0:0177 peu.

the alternator field resistance being 29 ohms as in equation (3.60)
Therefore the field voltage .

epq = Teq * dpg0 | (3.82)

0.0177 x 14293 = 0.0229
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From the relations (3.48) and (3.49)

5g = Cqe ™ 4+ E,2 - (3.49)
Also ,
' €
Ey = ~fd
X X r r
A A .. (3.48)
ed %) ad ka

where B is the root of the equation (3.48) in p, obtained by putting

thg denominator =0

Therefore . = Tpg (K5 , Xag) - 0.01728
. Xgg Kz + xf(k3 + o)

4180 e
» © _fd _
¢st‘ =2 r ( 1 N 41 =] 1'257
£ Zpg k3
b3 Ts)
Eg = C, e=0:01728% | 4 oo
or

B = 1.257 = 04246 ¢ 001720 ¥

Thue the total transients are given by

-0.01728t _ _-+3985%

0 _ -
The wvalues of the terminal voltage
1 0 - .
|€1, = 100?5 Ed | (3080)

are plotted on a base of time t in the figure 343 incorporating

sub-transient stage also as given in equation (3.83). The current
e . ;
]

1 ,
1 h“
' RS + X° |

figure el

"is also plotted on the base of time + in the

Oscillogram: The current and voltage oscillograms are shown in figure
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3¢5+ The curves-volteage Vs. time and the amplitude of symmetrieal
comnonent of current Vs. time are also shown in fige 3.3 and. 3.8
respectively. i

(1i) SUDDEN THROW OFF LOADS

The machine initially supplying current to an impedance
R+ JX = 0~35.26 8%t the rated terminal voltage and at the rated
speed is Buddenly unlosded. The steady value of the field current

is 14415 amperes itaken from a large source of voltage of 5045 volts

in series with 2 resistance.

(2) Subtransient Stage
The subtransient stage is determined approximaiely since

the amortisseur has a very small tiwe constant.

A =0 Q2 A4 wmmmd— = 18.97

{ -
xd‘»xl
B =0 B:A+——1—— = 2,858
: Xaq

Lozd resistance is zerv anc the armuture resistance being small, is

neglectede Therefore, thc Guadrature axis components are all absent.

Tl
‘a0 " | T X
el initial
€
3 —-—Ju-n.n -
initial

(X + xi)] = 0.985

a0
30

s 0 A ana— g2 . o =

x . C
] - M - 2.56
xaC

Tq0" =

Thereforc, the eGuation (2.38) gives
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EQ = 0,975 + 0,01 &~%/2+56
(b) Pgst—Subt;ansient Stages= | -l

o ded15
lfd 1.222 - 1!159 .

. 50 o
Tha(onmic) = ToATE" = 957 ohms,

Tgg = 235 X 0.01082 = 0.01331

Therefore, the field voltage

Now
2 =cePt 40
B R ds
where '
po — i (ks + x54)
Xa3 k3 +xf.k3 ':nxf.xa‘,3

A)
o

—e =
Here % =0 |
Therefore - .
- p
B - £ 2 0.01523

‘Xgq * Xp
The initisl value

E of EdQ + (xgi "—ﬁ-f) iﬁi.g
a0 - x.'! Xx ’
1 74 e 7]
- k| '
where "= 0
3
: 1
, - 8, '
B2 +%2. k . 1015 T Ve
* %41 initial

" “initial

2 - ‘ | )
d : - Q1 .
g0 = [""‘ﬁ;‘] = T Fhg oeow

(3.84)

(3.85)

(3.80)
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Therefore, the value of
0

Bgg = 04975
' e . ‘ e
z o fd - fad xad
ds 1 g Teg
Teal $2 Y k) |
fd xad 3
= 1.159 X 0.8167 = 0,946
*oL0 -0,0152% %
* @ ﬁd = 0.029 ¢ + Oa946

Therefore the total transients are given by

=0.01523 t

56
+ 0,029 e (3.86)

Eg = 0,946 + 0,01e"t/2
The value of terminal'voltage' e; = Eg Vse time %
ineorporating subtransient stese hae been plotted in fige 3.6
Oscillogram: The oscillogram for voltage is shown in Fige 3.7.
The curve of the voltage Vs. time obtained from the oseillogram is

drasn in fige 3.6 to compare with the celeulated values.
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CHAPTER~IV

THE BQUIVAIRNT CIRCVITS OF A SYNCHRONOUS MACHINE

UNDER UNBALANCED LOAD A4D FAULT CONDITIONS

4.1, INTRODUCTION s
| In this chapter, the eguivalent éiréuits of a synchronous,

machine, for usual tjpe of . faults anéfunbalanced loads, have been
developed, making use of the conventional symmetrical components.

First of all, the transient equivalent cirocuits of the
synchronous machine, involving'positive seQuence and negative sequence
components qf currents, voltages and;flux linkages of infinite time |
harmonics have beén developed, 'neglecting the zero seguence components,
which have been considered along with the load circuits. Then )
the transient equival ent cireunits of the load, for different types of
"faults ete. involging again tﬁe infinite time harmonies, have been
developed and connected with the aitefnator equivalent circuits. The
scheme of interconnection is same for different.f}equencies depending
~upon the type of fault or loading. Further, it has been possible to
employ complex notation for thé sinusecidally %arying currents, voltages
aﬁd flux iinkages, since the armeture transients have been neglected.

Assumptions made in the arficle 2.1 for the derivatian of
Park's equations are also applicable heres Further, the following
assumptions are made here?

(2) xhe qaturafion in pole axis, Quadrature axis and

leakage paths is neglected.

(v) At second, or higher hermonice frequencies, xg(jw)

and ié (jw) are assumed to be equal. to the subtransient

“reactances Xy

v 0 o :
d and Xq respectively.
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/

( (e¢) The speed of the machine or its frequeney is assumed

to remain constant at its iﬁitial rated value during the

transients. |

The amplitude veriation qf the symmetrical comﬁonents of the
armature voltages, cur;enté and flux linkageévhas been assuméd to be
em21l compared to their freQueney varistion. This assumption is
justified that She ‘rotor circuits bave larger time constanta and
thus the rate of varistion of the d-q axis currents in the particular
solution is very slow compaced to p® which ie unity. -On this assump~
tion, the transient equivalent cireuits developed are iransferred to
equivalent circuits, similsr to the steady~-state eguivalent eircuits,
develoﬁed by Krone I% should be noted that ‘he rms values of éurrents,
‘voltages.and flux linkages are glowly varying with times After
simplification of these elrcuits, the ladder networks sre obtained =
showing the distribution of alternator currents of different harmonics
at any instant. v -
4e24 DETEHMINATIOE 0F _THE TRANSIKNT EWUIVALENT CIRCUITS

4+2¢1 ALTERNATOR EWITVALENT CIRCUITS

The linkages, due to the zero frequeney airegap flux in the
direet axis and quadrature axis can be expressed as

'] : ) . |

d - (19 = 1,9) = <EJ | N (442)
o Vag = ~%aq (g = 1xg) = ~Fq <)

The positive sequence voltage of the fundamental erQuenéy

induced in the armature due to air gap.flﬁX'linkage is given by

p[%g eos ( t+ 0") -\lfqg sin (¢ +<5‘.):{
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1

o ; ) | J
p\l{dg cos (t +0) "’q’dg gin (t +0) - quqg Sin (¢ +0

.-\ffqg cos (1t +d)

| Al ' - ] ©
plgg cos (4+6) + Ggo cos (t+ 0+ 80)

L

' o
‘- qg . 8in (t +G’) -tqug sin (t + _O, + §0)

o= (p? 3‘{1‘4) qrdg cos (t +6') - (p+ 3]’) q;‘;g ein (t+6{)
= (p + 31)[\{/(12 0os (t-s-d’) + qgcos (t + 6’+go)]

Here. 91 is the angle by which the direct axis leads the phase a at
the instant of the sterting of the transients, when time t 18
avsumed to0 be egqual to zerod. |

The sbove can be written in complexor form as

| By = (p+ 30 (0 + ¥
or . '
;]E.' ‘ B - 0 -39
T = 3 (Vag * 1¥ag) = % (37 A)
‘; J Xad (ifg + ikg - ig) (403)

The positive sequence component of i; due to ig and ig
.0 . o .. o
= 1g cos (t +0) = i sin (¢t +6)
| o
= ig cos (+ +0) + ig s (t + 0‘+‘90)
61', in complex.notation

iy =] 4 g 19« | | (4.4)

At any other higher even harmonic of (s+1)%h order, for the d,q exis
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'\Fs+1- | 5 +1

s+t ' s +1 o (4.5)
WwW == (Xa - xl) i‘l ' ' :

The (s+1)th harmonic currents in 4,4 axis éan be split into two
barts, such as ’
8+1 s+1 s+1 s+ _B+1
ig =2 (13 +3 ig ) + % (ld - Jig )
and ' : -
841 s+1 g+1 s+1 o+%)

o ey, Ve ) wy(ay - i )

~ The first @art of ecach of the above exprezaions corresponds to positive
sequence components of i, of frequenecy (2+2) times the funéamental,

that is, , .
842 s+1 g-+1 .
ig =¥ (g +Jig ) (4.6a)

as ,
s+1 g+1 — S+1y
Re [# (g +31q )0 (M1 E4T0)

‘% cos (t +01)

: , — g+1 ‘
R TR I e I S S, 91)]

8+ s+l . T s+1, o1,
= Re [%(id + 34 ) ed (s+215:+9 +8)

The other components of i§*1and iEf‘ eorrespond to the negative

sequénce component of i of s times the fundamental, that is,

&8

8 s+1 s+1 A
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1 + 1 |
s Re % (12+ - J i ) ej(s+1 t + %) cos (t + @)

L j(ss1 t + o8t

4 iy =i iq "y e oin (t + ')

| s+1_ 1
= Re % (19” 3 ign) e.a(s t+08° =gl

It is observed from the above expressions that the positive setuence

compeonent of i, of fundamental frewmency is introduced by the direct

a
and quadrature oxis currents of zero frequency and vice versas Also,
the fundamental fredquency negaﬁiﬁe setuence component of ia is

due to the direct and quadrature axis currents of double the fundamenta
frequency and vice versa. Thus only the even hormonics are present

in the field and amortisseur windings and odd hermonics in the parti=

cular solution of the arms 10”@ It is zlso secen from the above two

expréssions, that
| 9s+1‘+ ol = g8*2
and

gs - 93+1 - 91

Since the above two equations are valid for any oid value of s,

(s+2)81 = 99+2

and 1

56 = 8° ' (4.7)

Wow the symmeirical components for the flux linkages moy also be
introduced, as

Bﬁmﬂ4 , md]

+ j 4
s+1

TERE

(458)
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Relations (4.5), (4.6a), (4.6b) 2nd (4.8) result in

8+2 B+2

x,." x." 8 7 .
;)‘l’s -—(j (x} -xl)i.' +;j --:—-'-_-d- (1 = 1p )oe(49)

or
‘ +2 xs"-x," e+t2 8

;)‘s('v = [:] (xg"= xy) 11 ;1 ---—-51- (i, +ip )] ves(4.92)
and : I,

8 8 X X s+2 8

g = _“.j (29" =x;)ip =3 .L;é__.d... (1, - i, )],..(4.10)
or ‘

it

s 8 ®." 0 ge2 8
jty,_ .-[3 (xq" - %) i, + :,—5-‘-2:—29- (11 + i, )]..s-(4.1

. th
_ Now the. {s+2) harmonic positive seduence voltage induced
in vhage a due to the air gap flux is |

542 (592 ¢ + ‘esze’)}
e |

= (p +§ spz) {\P9+2 j(s+2t + s+20 )1

Fxpressing it in complex notaticn,

8+2 ' ‘
=35 ¥ | | _ _‘ (4.11)

P
-

8+2
JE,

+js¥§_

Similar?y for the negative sequence component of'sth harmonic

B

< = 3 V¥, | (4412)
p+ 3 LN - , .
s 8 : _
Now E1 and E2 are the induced positive and negative seduence
th

componestv of 8™ he rmonlc of phase a. So the terminal voltage with .
respect to elther generator star-point or grouné (assum¢ng the genew

'r@tor t0 be earthed through an impedance) satisfy the following
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relations: ‘
91 = E1 - (r + xl ? +38) 11
/

since. | ' J I e1
A8t + B
p (135F +%0 "B') L (p+ Je) 1.6

The above euations can be written as

Jeq 3 By | .8
D+ -~ ptis ( p+js 9 %) iy

(4413)
3 eg ! Eg

Kow the transient eguivalent cirenits for the syachronous madhipe
are developed in two different ways aé‘éhown.in figures 4.1(a) and
441(b)+ The fundamentzl positive sequence equivalent cireuit is deri-
ved from the equations (4.1), to (4+4) and {4.13), in both the
diegrams. The harmoﬁic squivalent circuits of figes 4.1(a) have been
derived from the emations (4.5), (4.6&), {4.6b), (4.8) to (4.13). vher
(18+2 2) flows through the common branch of reactance
§( **g“—-) '« The harmonic equivalent cirouits of fige 4.1(b) have
been derived from the equations (4.5), (4.63) ,(4.6b),(4.8),(4,92),
(4.108), (4:11) to (4.13), vhere 1'% + i) flows through the comnon
branch of resctence j fg_:__g + The mero qegueﬂce comwonents will
be congidered along with tge load eauivalent eircuits.
4.2¢2¢ IOAD BQUIVALENT CIRCUIQS:

The synchronous machine, groﬁnded throdgh a resistance T,
and an inductance X, in series, has been qupplying 2 balanced .

e@quivalent star - connected load, each phase hayln a weglstanee rL
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inductance xi and & capaéitance 1/k°L' all in series, the star-
point of the load bheing grounded through & resistance r i 2nd an
inductance X7, in series. The transient equivalent circuits are
developed for the following caées of unbalanced loads or faults on
the above machine.
(a) A single phase load or fault between one line and
generator star-poinﬁ.
(b) A single phese load or fault betweeﬁ two lines.
(e) A load or fault between two lines shorted and
generator gtayr point,.
(@) A 1oad or fault between two lines chorted end third
1ihe.
(e) One line or phase open.
(£) Simltanecous opening and connecting of one phnse %0 the
génerator star=point at the alternator end.
(a) | A single phase lond or fault between one line and generator
star-point. | |
Let the load or fault has a resistance of ré &an inductance
of xp and a capacitance of ;&; ali in serice as shown in figure
4.2(a).
A Froﬁ the above figure, the following current felétions nay be

written ass

8 _ . 8 s |

i3 =14 *+ I4p

.8 s (4414)
ig = dpy + lgp ’

.8 8 .. 8

ig = 1y, *+'igp

lyp = top =0 3



or
i 3.8 =38 ) C (4415)
: 1? = 2 T oFP e .
and | '
[}

Assuming the generator star-point as the reference

potential, the following vo"tage equn twns nway be written as

g 8 < B T
e1=eu,ez"“’-2x.' % = %or :
jef 7 8 . 8 !
s = LT iy i
: {
i

; e 5. 8 : (4416)
|

8
jeo 5 8 8 l
— Zit + 8 (Znit + 2t ]

P+3o = [ + 8 ( + ﬂ ) 3

where the transferred transient lmpedances are defined as

B .
it = D o4 ogxp o+ _FFen
p+je
(p+§s)
o jrnlk
inlt = YT + J Fy
ont = P+3s + jxn

In the equation (4.16) the fol1mviﬁg identity has been considered,

[i.e sf-z-'se] ) (p+3.;3) [i.eam‘] ,

} —.1
and 1/p [1.9.”—{:;9_ ] = ﬁ;ﬁs)[i'? st+39]
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Alsmo

‘ 8
deg g8 48
tis Pt  TaP

With the eauation (4.15) the sbove can be written as’

. 8 o
je? , jeg : Je 8 8
1 + L b el S igp (417)

The zero seGuence voltage equation from the 2lternator side may be

written ag:
.. 8

Je , ‘ {2 ‘
73— = - e 1 (4478)

' where the transient transferred impedance is defined as
8 gr ’ ‘

Now considering the equations (4.14), (4¢15),(4.17); and
(4.18), the transient'loaé equivelent circuit can be derived as
~showm in figure 4.2(b) with referemce to the z2lternator equivalent
eircuit of figure 4.1(a)
(b) A single phase lo=d or famlt between two lines=

Let the fault or load of rosistance rp inductance xg and
capaciltance 1/kc§ be suddenly switched across the phases b gnd c a8
shown in figure 4.3 (2) |

The current equation (4414) ave also valid here.

Further | .
ipp *ilp=0
end
S
lgp =0

Expressing in sypmetrical components,
15 =0
115 N igg s 0 (4.19)

The voltage equations, assuming the ground as the reference potential

may be written as
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B 8 g 5 B 8
. e1 .= 811-‘ ¥ 82 = 921' eo = GOL
8
Jeg . : s, 8 - .8 :
Pris = 4py 147, '%gﬁﬁ = zLi izg - (4.20)
3¢ = (85 + 3 28 ) dgp
pt+ls o
s
Also E jeg - Jeg

—pr3s - ‘Pt LoF
Expressing in terms of symmetrical components
jof = 3 -
pljs 2 = 24 i?F (4.21)

Considering the equations (4+14),(4419) t0 (4421), the equivalent

cireuits of the lodds may be derived as shown in figure 4.3(b), with
reference to the alternator equivsalent circuit of figure 4+1(b)
A lozd or fault between two lines shorted and generator star point,

Let the fault of load impedance ceress the lines b,c shorted
and the ground star-point have a resistance Tp an inductance Xp an@é
capacitance 1/x op 8 shown in fige 4 4e4(a).

The current relations (4.14) are also valid heree

4180 igp =0 or dgp + g5 + dgp =0 (4.22)

The voltage relations (4.16) taking gencrator-star point s the
reference potential are also applicable herees
Further jtg Jeg

' 8 ;. B 8
pris .~ pris Zpy (1bF trlop )
Expressing ln terms of syﬁme+r1ca1 components and 31mp11fy1ng,

je‘ - Jez je

- "B. . ' -
prjs  p+is P*JS 3 Zyg oy (4.23)

From the considerations of emations(4.14),(4+16),(4.22)

and (4.23) the load equivalent cirouits can be derived as shown
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in fige 4.4(b), with réferenee to the alternator eduivalent cifcuit
of fige 4.1(b) | | |
(4) A load or fault between two lines shorted and third.line.

' Let the ioadvor fault has & resistance of ré, inaﬁctance
of xg ond 2 capacitance of 1/’xGF all in series as shown in figure
4.5(a) :

“The current equations(4.14) are slso velid here
Further‘ |

iag = “(ibg + io§)

" o.o io =0 | ) (4‘024)

The voltage equation(4.20), teking ground as the reference

potential are nlso applicable herece.

Also s s
eb = ec
‘ & _ ;.8
and Jey Jeg = (1.8 4+ 1 98) 28
p+js b¥ (o} (-

After simplification and introducing symmeirical componenis.

Je? _ 392 5 s 332 (;o25)
pris | T ptis = (11F + i2F) 3 '

Considering the equations(4+14), (4.20)(4.24) and (4.25)
the lomd equivelent cirecuits can be derived as shovm in figure 4.5(b) w

reference to the alternator edgquivelemt cirewits of fige 4.1(b).

(e) One line or phase open -
Let the phase a be open at zny point. The following
cuwrept equations can be writien:

B s
ia = iaL 20
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LB, 8
ip = g,
L8
ic = icL
or : ‘
, e 8 B
. i1 +‘i2 “+ io ?o
‘and -

.9 £ .8 8 .8 .8 | |
11 = i?L N 12 = iQL’ io = 10L ‘ ) . (4026)

The voltage equations, teking generétorhatar a8 the reference
- potential, may be written as:

| eg - ei% =0

ez - ecg =0

or | ' : o

8 B ] 5 s 8 o
S1"fu o %2 fan . S0~ Son (427
p+is p+is © p+js :

4
Consx@evaﬁlon of the.egations (4.16)(4-18)(4 26) and
”(4.27) lecd to the lozd equivalent circuits as shown in figure 4.5(b),
with reference to the alternstor ewivalent circuit of figure 4+1(b).’
(r)/ Simultaneous opening and éonnecting of one phaselto the
generator star-point at the alternator end. |

Let the phése & be opened and conrected to the generator
',star-point through an impedance of resistence rg ipdﬁctance xg and
capacitance 1/x,y as shown in'figure 4.7(2)

The lonzd eéuivalent circuit will, obviously be thep
combination oj%ig9¢ 4.2(b) and 4%5(b) a9 derived esrlier. However, to
avoid intermixing, an insulating 131 trancsformer is employeds Thus
. the combined equivalent eircuit is shown in fig- 447(b). This is
shown with reference to the slternaior egquivalent circuit of the fig.

4+1(b)
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4.3, SIMPLIFPIED BSUTVALENT CIRCUITS

The complete eduivalent cireuits are obtained by the

- combination. of the alternetor and load equivalent circuits. - The
simplified ecuivalent circuits are obtained by putting p=0, Since
the amplitude variation of sinusoidal currents, voltages and flux

- linkages is assumed to0 be very smnll as compared to their freﬁuency
variaztion. Thus thé transferred transient impedaﬁce now becomes

the transferred steady-state impedence, 2s defined belows

_ &
Zo =5 + jxo
r
Z: =] -‘é-l-'-’+jxn
T X :
8 L oL
2y = =g+ 3 (xg - 2 ) | (4.28)
' x
g - oF
ip = Tefg * 3 (xp - -5 )
r
nl
gy, = T v I F

A1l the impedences in the @bove eGuaticn (4.28) are 1/s tims the
equivalent impedances of the branch in question at s times the funde-
mental fredquency, even when the brench consiste of & number of sersics
farallel elements.

After eliminating p and then simplifying the load equivalent
circuit of fig. 4.2(b) in conjuction with the alternator e@uival ent
circuit of the fig. 4.1(a), the complete equivalent cirecuits or ladder
networks may be drawn as shown in fige. 4.8(2). Similarly the otheyload
equivalent circuits of figure 4.3(b), 4.4(b), 4.5(b),4.6(b) and
4.7(b) in conjunction with the alternaﬁof.GQUivalent circuit of filg.
4.1(b),.are simplified to fige 4.8(b). However, the impedances

Zg and Zi are different for different cases as shownt below?
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(2)  On delta-star conversion of the load impedunces of rige 4.2(b);

Z§ 4 ? (Z + Zs +3 Z + 3 an )

(zz + 3 Z3) (zs + zs +3 20+ 33 I.)+(:.a0)(z: + 320 & 3ZRL')

28 3 za 23 (zo +xL 4355 4 32 L) +Z5 zL (zL +3z9 +3 an)

(2zz'+3zF ) (zo +zL +.3z§ + nL)+zo gzL +343 + 33 oz

PR (4.29)
as shown in figure 4.8 (a). | |
(b) On delta-gtar cgnvgrﬂion of the lozd impedance of figure 4. 3(b),
% = i y®
(222 + 25

(4.30)
' end _ Zi Zg A

8 8
QJL + éF
~as shown in fig., 4.8(b)
(c) By replacing the three parallel impedances of fige 4¢4(b) by
an eGuivalent impedance and then using the delta=star conversioni

8 g
28 _ 347 (ZOT ZL + 38y +3Zn33) +(ZL)(%)(Z #3250 432 2 )
3 (zs + 675) (35 + 25 + 3 25 +.3 5 5) 42 (53) (25 43 35 +3zn§)

[ X RN ] (4'31)
8
as ghown in the fig;-4.8(b)
(d) From fig. 4.5(%),
s Zp - |
D = . “ : : "
3 3 | (4.32)
8 8 '
and 24‘2 Z

as shown in figure 4.8(b)
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(e) From fig. 4.6(1), |
- zg = zg + zg + 3 zz + 3zn§ | (4.33)

ard
8
=ZL

ag shown in fig,vd.a_(b)

L= BN

3

(£) Simplifying the cireuits of the figure 4.7(b) and eliminating 131
transformer as shown in appendix (4.44),'22 and Zz of the figure 4.8(b)
can be obtained ase |

4

3(Z +ZL + 22 + Zan)

8 ;.8 .8 .o8 g
23 = (Zg + 2y +32; +3%,7) - oo
: 320 +2ZL + 4 J + 4 72 5 + ZF

tesssese (4034)

end s

VA
4
444 Appendix

) S

4.4.1. JHE SIMPLIFICATION OF THE BGUTVALENT CIRCUIT OF FIGURE 4.6(bh)
| The fig&re 4.6(b) cen be redravm as shovn in figure 4.9

The voltage equations may be written as,

—— (ZO\ (11 +12 -3i F) +(ZL +BZ +32 L)(11 +12 -8 i F)+ZL (i1 —iOF)

e2
§ = (25) (i +15 -3 1 F) +(zL +32° +32,5) (i1 +13 -210F)
8 ;.8 8
+2 (i - iOF)
ep 8 8 . By o .
Also ‘
e‘? + eg + eg 8 ‘ 1 <]
5 =314y "OF
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Solving the above equations:

8 8 8 =
ZO + oy + 22, 4+ 2?9&

8- 8 8 : .
lor = | (ig + 45 ) (4.33)
oF s B ) o8 8 1. 2 : :

Now eliminatiﬂg iog' in (4.35) by the eguation (4.36)

L : g8 B ’ s 8 (2 4
El*hézg +25 $355 04325 ) - 2o ¢ 7y +3 + Py, ) (18 +15)
s , n*t2én] - 8 8 8 8. 1 72

1 325 + 228 + 435 + 42 % + 28

¥ +Z§ i?

|

g 8 .8 .8 B
. : 3(2n +2, +2%. + 22.70)

'%* = (Zg + Zg + 32; *3Zn§ ) - so g‘ g ﬂ "%L o (if *ig)
#2815 C (4437)

In the above eGuation (4.37), clearly the coefficient of

'(iﬁ + ig) is Zg an¢ the other coefficient is Z: s shown in the
equation (4434)e, |



e N &
JE
Grgs e .
\ <5 N
e s
. <L/
r J .
s Jysiet A s
2 vzl 775
. 5
S e ) 5. 1 < l °
<, L
4 e = - -t .
S XX B
S =xy) gl . T :
.3 _/53 - 3.
b, ;
4' _./{ $ -/yz’pf ‘ . ey
< /g /3 7 AL/3
2 i ,b:".jj ';K(
. A o)
2.
"":’ #J;’( 5
L Aa :
| - ) k A
ta’r sy’ P 7 ' 3
F ST 4
B ﬁ"./} ©L A,_J‘.;
L, .o, .3
S =3¢) ./:‘_((_2:‘_(5 ‘ ‘_J ‘s - 1 o
1 1
S P PR “
i 9 T
et Iy Jei
o /iy ) i - AP
> L2 for, ‘ :
. 49/
L 4’\/\/\—_——21
Z
72 i
St 1"/)(5
At)y —
} -
: . s .. & e’ J‘f !
év J(Ydl".j 'Viy): JSE i
BESy Vel
- g te
4 “d*-/(’o |
Lo
A-Z HAxis 'ﬁ /-2 Axis,

Flof~1 @) 7he TRAnsiéns EQuivacens Crecarr O Ay

Airepag ag.



- SR e LS S—

-3
dh
I T G
VW10
4 4 : IA LS A
L+ le | . J JES P i,_erf
o | | , """"F%Ts TJS
d( “"xe) .5 .3 . L ‘
X‘L o ‘-I+L1 } - o -0
4 ” L "
Bigx) 2 s o
AN 2 .3 JEz K je
\ La—d . IV = b+d3 . P#3
a t W—E
- 10
S+ ixe
P+i3 ‘:'3 3
¥ ] ' 2 )//\2/\/‘ - fo A
atd U ‘ 2 +]%
"z J ?:—: zf_‘.s pH3 Jei
I X ‘ J [,3 P+43
d(xq,'_ e) L?.;. 1“; -{, ;J‘)
2 11 -
.1xr T <
i -~ ~< 0]
J O -xg) I T e |
Ld"_‘, ’L‘L J\PL b J“ J‘/i 12 P"':jl
2 VR
| l pﬁ-‘.lh)?(l |
o ° i e J&
] i) O & —
. J Chag 3% ped! pd!
L +4 g :
- | B
1-2 Axis

d-q axis (b)Y
FIG £-]1(b) THE TRANSIENT EQUIVALENTS OF AN
ALTRERNATOR



€

S £ / B

~

e Y R S 1
q' {1‘7 Ll; La el ’Ez.)eb
$ .8 .S
g i ('IF.‘V(ZI-)LOF
. h'F, x‘__)

?

(&) .
.S . S S
Lie i‘-z; = Lye
L ;S .
o T,is éuf
. ‘ ) s
:Jez5 46 S
b+j5 bt)$ Lt
- =) 1] .
ZS Jeos d€::. Zit 3mt
ot —_— . s
’ S o S P+JS  pH{S < 43 Znut
. L!s tu_ )
O T,. L T i +
- .S S . ] ;r‘ o
i—e-‘-. J e‘_" % Zie ' ' Lo t
p+)s ptjs ' S
|
O-
ALTERNATOR 1-2AX\S (b)

gETweeN ALINE AND GENE R ATOR STAR POINT



75 - :

: s s .S B I
L'? tl} '-0 q\; €2, o (.,u._’ L%i" LoL

X
) (o)
s .S
‘&n =~ L
] |
Al
J€ Je?_L Zia
b+js “bjs
e l>  — ‘L
— 1 ] 4 , <
S 2 2L | A =5
— & W
o »f> >
Jes JEf S
oy z
| b bes 3+
aa | »
(b))

ALTERNATOR (-2 AXIS

FlG 4-3 -THE ClRCUITS EOR A SINGLE PHRASE LOAD AR

FAOLT BETYWEEN Two LINES



: 76
——— A ST, ~ e e e s —— - —

.5 ‘5 s S . . .
J LQ ﬁ\tGl,fg LIL,‘EZLy LC‘L

. & S5
Ln:; L’F) LcF

he, Xg
\
Ker
(a)
<is
NI o
$ s
J&a 48z ¢
b+J5 pHisg <Lt
b ]
— 1 B
S S s LQL'
L L 7%_7‘
o—f—1> > le
5 . .S
15 '.fs . ZS J€e J€ar .BZ’;‘;;:-}
J& JEu 5 2 PHs PHSS s
| <
. 3Zet
Cir
| ' Cle En
ALTERNATOR [-2 AXIS (b) ,

FlG 4-4 THE CIRCUITS FOR A LOAD OR FAULT BETWERN TWDO
LINES SHORTED AND GRNERATOR STAR PaINT '

e e A T = T T2

- e i



717

PSR
——— e

S 2SS .S 3 S & g
. (-n Lz; (-o e-\s,. 61,63 (-H-, LZL. (bL
A S >
R
L'F‘/ Ln_p ) l‘- hl'7 >4 -,"
oR § Ly xcL
|
h.F, x:, Tﬁp
hom; Al
C x'n. b xh(,
——
——
- (L)
L
J€2 d€rL g
K N Z’-t
pt+is P+Js
' 2 . .S
Y, Gy
s - ) : . S
I G2 (-oSF+ Lae
S > M
L - Lt
Y >
s Lo S S
JE“ J e\. Zoe
b+35 p+)S

ALTERNATDRA-2A¥S ( b)

FIG4-5 THE CIRCUITS FOR ALOBD
TWO LINgES SHORTED AND

OR FAULT BETWEEN

THIRD ILINE, |



WS S8 .S s .S
WO IR L. L, Loo
d—— 9 @ S> 1a L
3 S
en.., ez.l.,'eez.

(aL)

[
R |
Lo + : l <
sS Je JE-SL_ ZL&+3SZ(M
Loe2 FHjs ptJsS ¥ 3 2k
| l

(b)

ALTERNATOR -2 -AXIS

FIG 4-6  THE CIRCHUTS FOR ONE LINE OR PHASE OPEN.



5 s s s _S§ _s
ell ez e . e
a. o Os 7 o €.L, >1L euL ‘AL
‘S .S s s € s .
Ll.: (-2; L LIL} 1‘2’.’.7 L§L

R h-‘: x; ;:
Ll‘/Cz‘;‘q; CE

(ca))
.S
Lie= be=Lop
-< vVVVWW———
s
, D%k
. I'S s
J€uL %ZLE ‘
p+4s
.5 !
L';;L
8
e | [
/ .
G | 5 I
s <
S g ts J€or < Z1e,
s T aE e s S
L +JS +3 75
P+JS '7 .S ‘-_I Z Lt
l e L
ALTERNATOR (-2 AX1S (b)

NG 4-7 THe cmwrrs FOR SIMUTANEQUS opanwé AN)D
CDNNEC,'TiNG QOF ONE PHASE TO THg GENERGTOR swm—
POINT AT THE - ALTER NATOR ®BND



B U —

()

Fla4-3 THe BOQUIVALENT

-2 AX1S

LADDER NETWORKS.

05155

BT sfvo Sa 0 flatmiif o APTY TN
e 2irond (LAY EVERSITY 7 ey
daly

ROURKER



{
f
| %za
° 12 AXIS
d-q axis

(b)>

"FIG 4-8 THE B QUIVALENT L ADDER NETWORKS,



e e ——— - -
T——
B -

- 82‘ I >_ - ) T

-6,

A

'A.Z:_

4 -

FIG 4-9 THE SAMPLIRIED EQUIVALENT CIRCUIT FoOR
SIMUL TANEOUS OPENING‘:AND CONNECTING OF ONE.
PHASE TO THE GENERATOR STAR POINT AT THE
ALTER N ATOR END. |

PR -~ — - — . e T e e e e e
e —— | -~




83

CHAPT BR~Y

A SYRCHHCNOUS ?ﬁ;‘s.CI;i’INE UNDER_UNBALANCED LOAD AND

PAULY. CONDITIONS .
5.1, INTRODUCTION: ﬂ

| In the last chapter, the transient eduivalent circuits éf
the synchronous méchine, along with the cormon types of faults end
urbalanced loads have bsen developed and therefrom the egquivalent
ladder networks for infinite time harmonics have been deduced on
' neglecting armature trunslents.- The cﬁrren&s, voltages, fluleinkages
etc are expressed in complex notetion in the eQuivalent.circuits, but
their magnitudeq vary With time.

The harmonic alzrents, voltages and flux-linkages are

small in their magnitudes and their effects on the remes. véhe is
negligible for all practical pﬁrpéses. So only the fundzmental
'frequency quantities are considered in terms of *their .rme magnitudes,
ae fgnctions of time, after reducing the landder networks, that is,
after consiﬂering the effects 6f other harmonics on the fundamental
frequency performance .

5e20¢ RFDU(“TION OF LsDDER NETWORKSS

The'eQnivalenﬁ ladder networks as deduced in the last
chapter are shown in fig. 5¢1(a) and 5.1(b) respectively. The values
of & JB and Z4 have been caleculaied in terms of the transferred
S$teady state 1mpeﬁancqs of the machine, Now the definition of any

th
transferred steady-state impedance, corresponding to © harmonlc,

for example,

r X1
Ziz L +J(XL"_§;L"')
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shows that with increasing s, the mesistive and capacifiVe part of
the impedance decreases. Therefore a value of s is so chosen that
the portion of the network at freduencies of s or higher is assumed to

consist of reactances only as shown in fige. 5.1(a) and 5.1(b).

s+2 . _s+4

s . _B . .
Z3—~JX3:—JX3 = st = ...ooc—-Jx3
(541)
25 - 455 = 1 252 o 4 XS+4 _ iy .
=X =X =0y seeee =¥y
th . ) . |
fraction -of the total current

In figure 5Ma), the u
entering at the branch 04 is dlverted through the branch of
j xgn = X3 and the same fractlonAof the total current is diverted
through reactances at other jungtions such as 03’05 etc. as the
network is spread to infinity f§1lowing the same pattern. Similarly
the Vth fraction is diverted through the branch J x3 ﬂow writing the

'voltage equation for the loop 04 O, O / Q] O1

an - Xd" _

u (=25 = (1=u) (xg" +xy) + U (1-u) x4
which gives _u X%i - x3"_ . Xd" + Xy (5.2)
A e 2 X3 X3

Equation for the loop 04 O, 05 O3 0, 0, 0, is

u( EE_E:EQ ) =«(1~u)(xd" ¥x4) +(1—v)(1~u)(xd" +x4Q

ra(1=v) (1ow) ( =L (5.3)

Eliminating v by the relation (5.2) and putting
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(xd" + x4) (xd“ + X, + 2x3)

w= - (1] " aj-‘ . (504)
Xy + X
d q N 2{3 ’3"?-4
The equation (5.3%) is reduced to
) st " x L[] .
u2 ( 3 5 d )+ uwews=0
which gives /2 + W . xq"‘;xd" w :
: 4 A
u = _ — (5.5)
X L1} - X f
Ld

2
The other value of u is negative vhich means inereasing currents for
higher hermonics, which is impossible and ﬁhus is neglecfed.
Sirilarly, solving for figure 5.1(b)

2 X" e x "
. / W , d q
5 + m 4 - > w

' — , | (5:6)

=
xd" - an
2
where 0
x. " +x,) (x," +x, + 2%z) u
S . S A G S (5.7
x"x" '
d +°q
+x3+34 /
The network for the frequency raqges ?pto (3-2) will
. ' x " ax," -
remain undisturbed if the impedance ju ~—3§—-— ‘replace t?e
x," -x." : x." -x "
branch J q2 across 0, 0 in figure 5.1(a) and ju 62

across 0, 0 in figure 5.1(b) and then the rest of the networks f@r the
frequency s and higher is removed. The sbove pfocess,.ieduces"the
networks to a finite nurber of hermonicss The networks 541(a) and
5.1(§) are further reduced to the‘funéamental frequency as shown in

fige. 5.2(a) and 5.2(b) respectively by simplifying the parzllel circuits

’
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of higher harmonics, successiVely, since the solution is needed for
fundamental frequency only. In the figures Zz'may be termed as the
equivalent negetive seGuence impedance of the synchronous machine.
The equivalent negative seduence impedance has been
calculated for simplified cases, in the following article.

5¢3 DETERMINATION OF EWIVALERT NEGATIVE SEWUENCH IMPEDANCLS Or A

oYNCHRONObS MACHINE

5e3e1e LINE TO NEUTRAL INDUCTIVE 10:DS OR FAULLS

Let the synéhronous macﬁine having & emsll armature resistance
is initially on no load, when an induetance xp is switched deross the
phase a and the neutral, Since r is smell, (r/3), (z/5) may be
neglected and the equivalent ladder network may be drawn as shown in
fige 5.3+ The voltage equatian for the loop O, 03 03 0,0l is

xq -x. " ' xi"x ®

u . . - 2(1-u)xy" + ul1-u) -—~§—~Q + (1-u) (xq+3xp)

On solving this,

Therefore the equivalent negative seQuence impedance

- " 3
Za=r+j[-m & TR —9--—-)J(5-8)

2

5.3.2, TWO_SHORTED LIN § TG THIRD LINE INDUCTIVE OADS OR FAULTS:

Let an inductance Xp be cornected across two shokted rhases
b,¢ and the phase a of a synchronous machine oh no loads As r is
omall, ('%h) ('§ ) ete, can be neglected and the equivalent circuit
of the synchronous machine is drawn as shovn in figure 5.43) The

/.
voltage equ-tien for the loop 0 0y Oy 0, 04 is
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u ( %4 2—x ) = (1-u) X" + v (1-u) fé*

3
- -
. R 5(3{(1" Xg:) 3 xq' " (5.9)
* ¢ Vo= 1=u 2 x - X )
_ 3 3 ,
and the equation for the 1oop‘01 020303020101
X " -X 1] ' , ’ x " x
w () o (1e) xg" +(1=) (1mu) 2 +u(tev) (1on) IS

Eliminating v by the relation (5.9)

2 ¢ xg" =xgf O 2(2x " x5 +3xq"2) 2 (2x4"x5 +3x," )
u 4+ = m 7 -« 5 )
2 | 2x3 +3xg" + BXq' 2X3 +3x + 3x "
x. " ax " // 2 X Moy 0
. d Q. oW W d_ 4
v o u( 3 ) = -5 + 7 + 5 W )
vhere ' 2 (2 xq" Xz + 3X "2)
w' =

2% + 5Xg" + 3 xq"

So the negative sequence impedance is

Lie B ......V!.:.. 02 X" ~x,"
g i v // 7 —a— w! (5410)

5e3e5. LING T0 LING INDUCTIVE LOAL OR PAULT

Let an inductance Ep be suddenly switched across the phases
b and ¢ of & synchronous mechine on no load. r being small, (e ),
(“%“) etc. may be neglected and the eduivalent circuit of the

synchronous uachine is drawn as shown in figure 5.5.

The voltage equsotion for the loop 0103 30 O1 is

"oy N : x. " _an '

X
u( —L—2L ) - 2(1-udx ¢ u(t) =S (ewdxg

From which

: X " -Xq" . XF ‘ " XF "
u d2 ‘-1=_[X(1A+-—‘—2]+/(xq + )(;‘[d + g )

S0, the regative sequence impedance is,




Xp ' R Xg—/

T + j == // (xq" + s ) (xd" + - ) (5-1{)

Sode SOLUTTON OF TRANSIINTS:

Fige .2(&) gives , 4

i
2 Z1
3
| e; :zz i; " (5912)
and figure 5.2 (b) gives
N . T 14 .1
| A
(]
62 = = .11 | ’ -

272
eg and ié in terms of E: and ig caﬁ be obtained ffom the load equivalen’
circuit as derived in the last chaplter. Alsop the currvents in the fault:
or unbalanced lozd can be determined from the same euivalent circuitse

Thus all the'fundamental frequency currents and volteges and
thelr harmonic componenﬁs can be determiﬁed frow the equivalent cilrcuits
deduced earlier,

Pigures 5.2(a) and 5.2{b} can be reduced to the equivalent
cireuit of figure 5.6, whieh iz similar to that for balanced lozds.

4 =R +E ’
is the equivalent load impedance, Tigure 5.6 gives the veetor
diesgram exactly similar to that shown in figure 2.6, .

Thugs the whole operation‘can be referred to the etguiva ent
balanced oper&tioﬂ and the solution for the subtransiéﬁt and pozte
subtransient stases, so far as '3, IE:Llea)igl_and-ifg are concerned,
will be similar to that done in Chapter III. Thus, all the cumtities

can be determined from the ladder networks.
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CHAP®ER YI

SINGLE THASE LOADS AND FAULT CCOEDITICNS

This chapter dezls with single phase loads znd fault
conditions (both line to line and line to neutral) of &
synchronous machine, in terms of 0peratiﬁné1 impedaﬁees. General
etuations of Park forn the starting point of the present analysis
and then the short circuit analysis is carried out.

A1l the assumptions made in article %.1 for the derioation of
the transient ewuivalent cirecuite, are glso made here; Usually, many
machine analyses are carried out_with the transformer volitages omitted.
The advantagg is that the résulting equotions are much simpler. Neglect
of the transformer voliages améunts to dropping out the d.¢. and second

. . 2
hermonic components in the phase currents or in other words the armiture
transients or free trancients are net considered, since they have no
significant eifect on the currgnts, voliages and performence of the mach:
Sinnwoidally tire verying current forms the siarting goint-of the
present analysis}i |

Let the current in phases 'b' and 'c¢' having only
fundamental component and vith a varying amplitude, (the nature of
veriation being unknovn at this stage) be given by

iy = I.(p) cos (% +¥) (6.1)

@« ) .
Y heving any value

Let "@" the electrical angle hotween the direct axis and 4]
axis of vhane "a" be given by

4] ; t +
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Also , '
iy = I, (p) cos (8 + A= ") es the short circuit current

is a gero lagging one

s" Yz )- ﬂ/z or A— Y= D/z | (6.2)

Vhen ,\,-o tho linkage in phase ‘a' is a maximum and
hence in the common axes of phases "b" and "e¢" & minimum. Thus, by~-
the constant linkage theorem, the currenis in phases 'b' znd 'e' are
zero, which is satisfied if ‘Y= %’._f Similarly vhen ° /\.=n/z'  the
currents in phases 'b' and ‘e' must be moximum which is satisfied if
Y =0. Thus the relation (6.2) is true.

Thus, on applying Park's transformation, therve are

- . .0
id = -—% [ib cos '(9 -1200) + ic cos (& +120)]

% a(P) cos (t +¥) [cos (t + A -120)-005(1; + )“+120)]
1

n‘:ﬁ_ I,(p) [b:m (2t+ _)s,‘+¥} + 8in ( /\.—V )]

| | =/ﬂl I.(p) [1-1» S:“!.n (2 t+ A+ r)}

o o
=" % [ib sin (0 =120) + i. sin (0 + 129)]

=

2. I (p) cos (t4+7) cos (t +M)-
3

-.—.,% Im(p)‘[cos (2% + "/\, +Y ) + cos ('V—)\y.)]

&f‘%‘ I (p) cos ‘(2 b+ M+Y)

The linkages in the direct and Guadrature axis sre obtained
from the currents and the corresponding operational impedances.

Gonstant exettation is assumed.
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--w;- Im(p? [xd(p) + x4" sin (2t + Y+ A )]

o5
i

it

....-% Im(p) [xq" cos (2t + Y+ A \?]

The linkeges of phases b and ¢ may be calculated from
expressions of " de" and ."5‘}1" ag
% = 9/(1 coz (8 =120°) - Wq gin (8 a120°)

) = cos (8 + 120°) =¥, ein (& + 1209)
Ve 4 G

i e

]

Net linkages.

ﬁ[}lld sin 8 -:-‘j{l 608 9]

-, (p)[xd(p) + x4" sin (2¢ + V-l-)n)]sin (6 + A )

=In{p) x," cos (26 + Y+ A )cos (t+ Ay )

I xlﬂ . X o
=~ “m(p) {[Kd(P) + _.S.,.é_._.,_il;.. sin (4 + /\‘) +

XM oo W
+[-—3-Tw-g- cos (3t + Y +2 A )j

Neglecting the third hermonic component of limkage, the voltage

between phesee '’ and 'e' nmay be obtained as
L

==E_ cos (t + A )
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where
X"+' L1
Xq

"
no

Therefore, the rosponece of the current is

¢

el Im
im(p_) N

Here 'Em" is the vexirum of line Hc¢ line voliage before

shert elrcuite.

6e3¢ LIRE TO0 NEUTRAL SHORT CIRCUIT

P _
Let the cuwrrent, phase 'a! having only fundamental component
with ite varying amplitude be given by
ip = I(p) cos (¥ + V) . - (6.4)

Similarly let 0=t + M

ot g = Im(p) cos (4 + M)

o'o A) = Y (6'5)
Yhen ) =0 , Yshould be etual to zero for the linkage in the thase

- 'a' to be maximum.

 Since there is zero seuuence curvent also, the transformetion

eguation is -

ip = ig c08 @ - iq'sin 8+ iy
where _
i, =2 i_ 005 8
a3
= % I(p) cos® C'+ M)
;% L.(®) [‘i'+ cos {2t + 2 A )J
iq =~ 2/3 i, sin 6

- 2/% 1,(p) eos (t + A/) sin (t+ M)

i
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== 1/3 L (p) an (2% + - 2A)
ip = 1/3 i = 1/3 I (p) cos (t + A\ )

As in the last mection, the linkages sre

Ya

Ya
Yo

Thus
(N

~1/3 im(p) z3(p) + %g(J2w) cos {2t+2 M)

/3 1,(p) Xy (j2w) =zin (2% + 2 \)
~ 1/3 1.(p) %y s (% + )y )

i

\Ki cos 8 -.\,Vq gin & +\,V0

Im(;pw)_,,_ [xd(p) + xg" cos (2¢+ 2).)]005& + M)

it}

it

3
4
- _.élol xg" sin (26 + 2 ) sin (5 +)))
. .
..--'&%Pl— Xq €08 (t+ A3

v

Em;P) [xd(p) + Xa 2 4 o XO] coa (¢ +,\,j—

o

£

I 'X'"‘*X
_ n(p) [dgﬁ..]c;oe(ﬁ'i:+}’+2/\|)

X fl +X &
On putting ) i . X, and neglect:ng the third

harmonice component of linkage, the volta, e of the phice 'a' before

oshort cireculit is
I,(p)

ey = 3 [xd(p) + Ep + xOI ein (L + Ay)

E, stn (t+ A))

Thia, the cu::.:rem response is given by,
2 1 (6.6)
xd(yﬁ X, + X5 |

In(p) =
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Here 'Em' iz the m%ximum of line to neutvaT voltage before

short cirvcuite.

6ode TESDS AKD VERIFICATIONSS

Tepts huve been conducted on three phase star—connected
salient pole synchronous machine (G.F.), rated at 110 volts, 271 amperes,

4 kvA, 50 ¢/s 1000 rep.me having the following parameters; all in p.u.

r = 00333 Xyq = 0.0710
2 = 0,080% Xg = 0.897
X = 0.0565 X' = 0133
xf = 0.01082 Xd“ = 0.1122
Trd = 0.0482 Xy = 0431
xy" = 04364

The cuadrature azis amortissenr bars zre imcomplete. This
machine 1s the same as that in Chepter 11X,

6edete CAPACITIVE 304DIKG

(1) ARPATURE TRANSIINTS

The machine ie running on no lead and generating 1e022lp.u.
voltage at ratéﬁ gpred, when & load -~ j3.51, across the line a end
the neutral of the machine, 1s& suddenly applied. The field voltage‘
erq =96 V and the field current.is 1.68 amperes. |

Feglecting (r/3) (r/5) etc. the eunivalent circuit may be
dravm as chown in rig. 6.1(a). Neglecting the exiects of cd%’citance

- Om
eP
ting ( 8 ) ( 121

is,

on 9th harmonic and higher that is, neglec
. # /
etcs the equivalent recciance acrosg 01 O1
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X X VA
coeee P Jore el B

= 00,0948

as deduced in the article 5.3.1. Simplifying the circuitas of figure

6.1(a) step by otep, the cunivalent circuit of figuve 6.1(b) is obtained

(2) Suk-transient Stage:

Armature resistance, being small, is neglected nnd the

following values are obtalned.
1

A = T 0y = «0.09778 | B=0
c = hb =t 2 18.852755 Db+ =lap = 2075275
1
%
So .
L,
By = 30 = 1,026
1 +(xd - xl)A :
0 Je =
qu %ﬁq =0
B~ (C=4) B
Edge = do = "'""'g"‘i"‘:? = 1.028
Y] 1+ a_ &l
1 k3
J—
kd
= = —— = 2. L3
So oy,
| Edg = 1,026 = 0.002¢ t/2457 (647)
Therefore, the voltage of phase a
1 1 .0 o Xy 0
leg | = Bxgp 3] = gp g = 3 %o Ay = ks a
e 1,038 B (648)
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(v) Post ~Subiransient Siage

k1 = -’1 00

k2 = 000102

. _ 1.68 -

1oa0 = Tizop = 14775

Yoi(Ohnic) = =2om = 5741
Pt oRELE) = TS *

© 57412 . -

rfd = "-s'g'g-" X OOO
So the field volwuge

=10+13

1
a G = 00()986
.k3

ks

i

ky

2 ohms.

1082 = 0.0213

-

Tow =Bt ., 14e
.Ead = (;18 + Ids
where ke ¥ X, Lo
The initial valus
E
, 0 a0 -
Esg = xd' = =1.028
1+ %
5
8
) = L4 = 1,200
© r 1 1
fd(i"‘""’ e )
ad 3
Therefore Eg = 14222 = 04194 ¢~ 0+0226% (649)
The voltare of phese a
' 3 x , L
1 =z, W« 40 _ .2 7er .0 .0 £6.8)
leal = 3 xep [iq] = 3 mp i = E, Iy = 1.038E;

The values of the

"

obtained from the efustion

values 28 obtained from osc

terminal voltage of phese a have bsen
(6.7) (6.8) end (6.,9) and compared with the

illogranm, in figues 6.3. The oscillogrem
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is shown in figure 6.2,

(ii) PILID THANSIENTS

/ 1
/ B -+ X, 1 S
.0 a0 £ £80 a0 _
ipsp = Xy = 1,270

So the solution for the mibtransent stage, 25 obtained

from the relations (3.55) and (6.7)

ifg = 1427 + 0.0347 o /2457 (6410)

For the poste-gubtransient stage

X
40 ad
i o,.- = Eﬂ (1 ! k’% ) - —’L; ( e-’ d"t 4 e e‘ dzt)

‘oo {3.56)

it

1.125¢ 0+ 0.0354 &~ ¥/2+%7

i}

12375 = 0.2185 ¢ 0°0226 &, ¢ 035q o~¥/2:5T (g 49

The field currenis are compared with the test in flgure 6.4
The field current oscillogram is shewn in fige 5e2e

6.8.2, INDUCTIVE LCADING

(1) ARMATIRE TRAUSIENTS

The machine initially running on no load, is gererating 1.01
pets voltage at rated freuvengys A load of impedance 0.208% j5.225 is
suddenly s&itched acrose phages b and co The field voltage efd=97 volts
and the steady fieid current is 1.62 amperes.

HETHOD No. 1

The equivelent eireuit neglecting (»/3), (r/5) ete. may ve

drawn as shown in fig. 6.5(a). The eunivalent reactence across 0101( is
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- XI XI X(
%" §£ )+ v/(an + _g_) (xg" + 52)

= =0,1305
‘o deduced in the articie %e3.3

Sp, after eliminating higher harmonics, the equivalent circult is
reduced to that shown in £ig. 6.5(b)

(2) Sub=ironsient Stoce s

The ermeture and load registances are neglected, gs they

are small, thus the following valves are obtained.

§ - --—la-—-w- e ‘. =
A = VR C 0282 B =0
Ce A4 =g = 19.232 D= bt == = 3,132
X" = * ag

50

. B

By = 40 = 1.00

1+ (2" - xl) A
o w0 _
qu = Lq =0
o! T’Jd() (G-A) 'Eé() -

E - = = 0995

ag X, F =%

' ¢ 14 =4 L.

| . -
: 3
1+ x, ,C
kd s

1 /0(, = 1 /"z = rkdc 2545
Therefors for the subtraneient'stage

-0 _ -$/2.545

Bd = 00()95 + 0005 e (6.72)

The voliase between ihe lines b and ¢ (in p.u. of base line voltase).
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1 1 2 2 4.1 2 2 0 2 2
ey~ €)= [Tprxp |igl =[rp exg iy =/ry+xp DG

/ 2 2 B9 -0

3

(b) Post-Subtrunsient Stape

-

k-l = 1«0 k3 = 3'56

| R
ka = 00717 k4 = k3 - 00281
. 1,62
a0 = Ty = 1328
Teq (ohmic) ‘%%‘()‘é = 59,8 ohus

#

59.8 -

20, the fiezld voltage

0 - Bt 2w O
Ed = 01@ + Lds
where

k. r X 4 T i} .
ﬁ:: kj fa + “ad “fd = $.0308

3(Xaq ;. Eg) *+ Ep Fyg

The initial value

ol °ea -
o3
5.9 - L = 0.882
ds » 1 1 .
oAl e )
ad
Therefore, R§ = 0.882 + 04113 @-0.0308 v ' } (6414)

The voltage between lincs b and ¢ 1s



| - T2 2
NI 2.2 o, _[Z. 2 e o A
oy o | =fz3 +xd J1}) = frb+ 5] e T TR R
= 0,906 By - (6413)

The equotions (6.12), (6013) and (6.14) give the line voltage

between b 2nd ce Tho calenlsied values are Cﬂﬁpulwé with those cbtained

from the oscillogram in fige 6eTe The oscillogram is chown in figs 6.8

(11) PLELD. TRAKSIEMTS ol
/ Lo + Kol |
il - =0 2007 560 _ 4 s
1 .
T
S0 the soluticm for the ru%trxﬂaientg 58 obtaired from the relations
(3.55) and (6.12)
5.0 = 1,573 - 0,0874 ¢ “4/2:505 (6415)
Yor the postesubtransient stage,
. 9 70 mw) - S ECE A
ipa I AT ; [ 0,871 4 0y6
%24 f
42,545 -
= 1,503 B - 0.0835 e 1424545
"G{w © 5 ‘.
= 1,327 + 0,1706~0 73088 _ g, 0074"8/20545 (6.16)

The field cﬁrrmnts‘ave compaped with the test iw figure 6.6
The field current oscillogram is shown in figure 6.8,
HETHOD Bo, 2

The article 6.2 for obtaining the line 3o line short clreuit
eurrent can aléo be used to¢ determine sypmature %ransi&nté for the curren
under line te line imauctive 10w4;rb.~
(6e3)

In(p) = Xq Cﬁ) +“2 L

S

Wow 24(p) = x4 (1450 ) (100 D)
{184 0) (143g9™D)

a very small time constant, T&"

A

aod 1&0” may be

4]

As the amortisseur has

negleeted,
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'.{‘herei’ore ' :
(1 +Td“P)
(1+TdO' p)

Xd(P) = Xa“

Vhen, instead of dlrect short circuit, there is inductive loading

befween line to line, the expressicn for xd(p) may be written as

1+Td P
x3(p) = (xq +xp) T—_;‘T?—Pg"'

Therefore \
By, (1+p Th0')

I.(p) = :
n¥ p [(xd + Xp) (1+pTd‘)+(x2(1+p"Td0')]

which, after further simplificetion, may be writtén as

E | '
n -dt]
(%) = xd Xty [ 1=(1-& Tgq ') €
where .c< _ d F & 2
- (xg +xp)Tq" +xplgg’
Now | o ,
p 1. —adsXE . 3941
ao Teg
nY = .fgl_i.fz Tdo = 31,85
d ~ X3+ Xp

xd + Zp +x2
Td',(xd+xF)+Td0' X5

04031

Therefore from (6.17) expression, '
i(t) = lzgof"— [1+o.g12 e"°'°3”]

The voltage between phases b and ¢

lef - ec| = fr2+ 28 |1(8) = 3225 |1(t)\

(6417)

(6.18)

(6419)

(6+20)
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The equations (6.19) and (6.20) give the line voltage between b and c
The calculated values are compared with those obitained from the

oseillogram in fige 6eTe

6e4030 LINE 20 LINE SHCRT CIRCUIT

The wachine initially runming on no load and generathng
0.1773 peu. voltage at rated spced or freQuency, is suddenly short
circuited across the phascs b and ¢. The field voltage is 107 volts
and initial field current is 0.255 amperes.

METHOD NOo. 1

As the armsture reistanceis small, neglecting its fractions,

the eguivalent circuit mey be deduced as shown in figure 6.9(2).
/
As deduced in the zrticle 5.33% the equivalent reactance seross 0, 0,

Xp . x

" xF L ] B
=/(xq ) (gt 4 ) = (xg" ey )

= /xq" xd" - xq" = =0,162

Simplifying the cirenite of fig. 6.9(a),'the equivalent circuit of
figare 6.9(b) is obtained.

(2) Subirenspieni Stagege

Ag the armature vesiglonce is not emall, the following

values are obtained on taking it into consideratim.
X+
= 3029

A =
(R + r)2+(x+xl)2

i

R +r 0.76

(® +r)2 + (X +x1)2

B =



1 1
C = A+ —— = 22,24 D= A % e = 6,14
X3 =% xaq
So ' '
o Fao
EdO = s = 01605
. (xd" - xl) A :
o _ 0 _
o  EgolC-A)D s
Fao = — -7 = TR ew . =005
B+ €D 1+ 4
There is a single time constant
x, .C
TR 1+ kd
< “: T, rkdc = 2438
for
Therefore,/the subtransient stage,
EJ = 041505 + 0.01 e-t/z,sa
The short gircuit current . .
[1}( = k, Eg = 0451 + 040339 o~ /2238 . (6421)
(b) Post-Subtransient Steges=
X +xq ' R +r
ky = — = 0.9945 k, = ,
1 H 2 v =00ﬂ6
/o (R +r;{+ (x +1cq)2 : / (R+r)2 + (X +xq)2
)k ~ |
k3 = —('13-%3—2_" + (X +$1) = 002964
- 1 = 3439
%= TR %

. 0255 o
igao = "'1"5% = 0,209
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10

pq (ohmic) = 67%?? = 419 ohms’

= 412 = Q.1

S0, the Tield voltage

€pq = Tpq X ide = 0.1565 x 0,209 = 040327

The initial wvalue

~ E .
w 0F do - -
Ldo = T:'.}t-é-‘-:*-xl = 041505
ks
e ’-\
50 o —id. & —= 0.0455
ds ( 1 1 )
Il [ + o
£ xpq ks
se B = 04105 ¢"0*?%%% 4 9,055
The short circuit current
[iq] = &, S = 0.356 ¢™0*7%%% ., 0,150  (6.22)

With the equation (6.21) and (6.22) the short circuit current is
obtained.i The ealeulated vélues are compared with the values obtained
fror. the oscillogram, in fige (6.14)s The oscillogram is shown in
figure (6'.10).

IETHOD Noo 23 The equation (6.17) may be modified for line to line

short circuit as

Em iy =db ] :
(%) = EEES [1 = (1 =alsp') e (6417 2)
where K Hg 4 %o y (6.182)

Xg Tq + Xy I4q



Now
b 4 + X
o aa * *r
T..'= e = 5058
a0 Tea
X 1]
Ty = -g-;- X Ty, = 04827
X, + X, .
o = 4___2 = 00548 = 00548

"’T&' Xg * Tgq' Xp

From equation {6.17e);

1(4) = 2 [1 . 2406 6-0.5481;‘
1.1351

= [2 (0.1560) [1 + 2,06 ¢ 0028 b | (6,23)

The varistion of the short eircul? current during sudden
line to line short circuit can be obtained from equ-tion (6.23)
The calculated values are compared with the test wvalues in figure
(6414), |
60444, LIRE T0 NEUTRAL SHORT CIRCUITS

The mechine, initially running on no loid and generating
0.1432 p.u. voltage at rated frequenoy, is suddenly short~circuited
acrocs the line a and the meutral of the machine. The field voltage
egg = 0.351 pote and the 161 current igqy = 041595 paus
METHOD NO.1

The'eQuivalent eircuit, neglecting fractions of armature
resistance as it is small, is shown in figs 5.11(a). The equivalent

/
reactance across 0, 0 is

s—

X X ‘
n_(xdn,,_ f%..) +ﬁ[dﬂ+ ...é.O....) (an_,, ...(2)..)

= 0.0948.
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a8 deduced in the article 5.%.1« Then sinpldfying the circuits of
figs 6.11(a) step by step, the equivalent eireuit of fig. 6.11(b)
is obtained. |
(a) Subtransient Stages

As the armsture resisiance is not small, the following

valueg are obtained, taking into consideration the armature resistance

A = .__&“'Xl . '=2065
iR +r)2+ (x +xl)2
B - s = 0,735

(R +?)§"+ (X +xl)2l

. A+ =t =5,50

o = A+ = 21460 D=
Za! =% - Xaq
50 E,.
BgS = dg = 041320

1+(an - xl)ﬁ

90 T q
Byn(C=A) D E
¢
Bo'e —22 s —=20— = 0.1250
B +CD 1+ 4 =71
s
There is only single time constant
X470
1y A kd 2
o\‘ - o‘z - r c = 2.49
kd

Therefore, for the subtransient stage
-t/
50 = 0.1250 + 0,007 & /24

The short elrcuit current

)i;\.= 3 ]izl =3 k4Eg a2 8,22 Eg = 1,028 + 0:05754 /2 (6.24)
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(b} Post-Subtroncicnt Sispe

+ X R +r
— = 0,989 Ik, = = 0.1449

1 =
-\/(R +r)2 + (% + xq)Q q[(R+r)2 + (X +xq)2

k

k
- | {Bsz) 2 - S
: ~Pt , 0
where ‘ "
b. 154 (ks + %ag) = 04667
kslXgq + Xp) + Xp Xog
The initial value
Lol d0
1 4 = N
by
e :
T = 0,0406
fd 1
( % .7 K )
ad %
Ther«fore,
EY = 0.0844670*%C7¥ . 0.0406
The short ecircuit currgnt
.1 .1 w0 .0
llal = 3!1” = 3 k4Ed = 8422 Ld
= 0,694 e~ 0°C6T T, 3340 - (6.25)

The equotions (6.24) and (6.25) give the short cireuit
current for line to meutrzl short circuit between the line a and the
neutral of the machine. The calculated values are compéred in figure

(6¢13)s The oscillogram is shovn in figure.(6.12)
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METHOD No.2

From the equation (& 46)
55
mn

I | = 3 1 °
n(P) : Xg(D) + Xp+xg (6.6)
T ) =y M |
d d e and following the procedurs, siter
1+p TdO |
by step, as adopted for the derivation of equation (6417)

” BEm | 0y = X%
i(%) = X F XeR [1 - (1 =al44") @ ] (6.426)

where
0( - . id + X2 +XO
T Eg Tg' v Egrxp)Tyg
= 01649
X_ 4%
P e
f£a
. Xd'
Tq' = % X Td()ﬁ' = 0@62?
From the expz;es;sion (6.26)3 _»
3E » ]
. i , o Xp
i(t) = X AKX [1 -(1- ATg0') ©
a =270
= Zn_ 04849 %
102051 [1 o (1 - 0649 X 4.21)8" 84
= 0.3565 [2 [1+1.73 o~0+649 tJ (6.27)

The short circuit eurrent for line %o neutral short circuit
¢an be obtained from eyu:tion (6.27) The calculoted values are compare

in fig. (6.13)
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. Q_QJ[JQJLJL.q}_Q_ﬁ_S

The tremsients of a synchronous genefator have been
snalystically ée§cribed on sudden switching on or sudden throwing off
of balanced 1oads in Chapter 111, Calculated and test results are
compared an@ there is 8 satisfactorg ggreement between thems Any
dlacripancy may be due to the awproxlmation of the onen circult
cheracteristic as a straight line.

| The tronsient eguivalent circuits are developed in
Chaptex iV and from ﬁhem the equivalent ladder networke are derived
in Chapter I? and Y. They are further used to determine the transient
on unbalanced =nd faults in Chapter VI. knalysis of the single phase
londs and faults have also been carried out by another method presented
in‘chapter YiQ The resulis obtained by thesevtwo netheds are compared
with the test results. The diserepancy is due to the ignoring of the
efféct of higher harmonies, in &dditién to ﬁhat.has been stated earlier.
| | In" the preseﬁt thesis, though the satur‘ation has been

neglected, but it cen be easily token into consideration by approximating
the open circult characteristie of the synchronous machlne 89,10

By the application of edquivdlent cireuit approach to |
synchronous maehineé, it has been poseible té shorten the numerical “
caleulationss Equivalent cireuit show in a better way how the results -
are obtained. This method has dlso greater flexibility, since the same |

process can handle all pogeible t&pes of unbalsnced loads and fauits,
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