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ABSTRACT

A dynamic model of a synchronnus generator infinits bus
system with a solid state exciter system has been developed. To
get an accurate machine representation p;acisiqn meaéuremant af
different synchronous machine parameters have been attemntied.

The transfer function of the different blocks of the exciter viz,
addihglrectifing; scnsing circuits, comparators; inverters etc,

has been determined,

A d.c. inductance bridge is uscd for measurement ©f machins
inductances which eliminates possible errsrs in common a.c.bridge
mecasuremaent. The inertia constant of the machine is measured by an
all electric method — by rétardationrtest rather than the ususl
dynamemeter methed of measurement. A comparative study of the
different per unit systems has bezen méde and the "unit veltage
base" system is found to be relatively simple and =asy

from application viewpoint.

The single machine infinite bus system has been simulatod
oh a digital computer and tested for difforent types of faults on
it, both with.and without additional stabilizing signals. Signals
derived from different system states arc fed tc the exciter in
addition to the normal voltage regulater action. It is cbscrved

. turtrent
that signals derived from field/and,tarque angle deviations conton
the transients effectively when applied in combineticn with =ot-r
veloeity deviation signal. Withffqt@r veloocity signal alona, tho

results obtainud are in agreement with those obtained expcerinent:l

The effect of variation of di?ferent paiameters of the

exciter on pawer system stébility are also-invesﬁigated*
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O/ . CHAPTER 1 . .

A INTRODUCT I ON

1.1 Representation af a Synchrongus Senerator in a Power System

Modern power systems are highly complex with large number
of intercannected synchronous generators. This interconnéction
although ensures reliability of electric power supply, raises
8 serious problem that transien£ disturbances may.prapagata
from any part of the system to the rest of the network resul- | -
ting in loss of synchronism af.some or all of the machines in
absence of adequate safeguard. for reliability of power suppiy,;}*
the power system must be stable under both tramnsient and steady ¥
state conditions of which transient stability is of major im-
paortance. Detailed and precision study of transient stability
of the system needs complete and correct system representations
which again requires an accurate mathematical model of the
dynamic behavior of the synchronous machines. Moreover; in
recentltimes some kind of control;, mainly in the exciation
system; are applied to increase the tgansient stability limit.
To determine the effective control signals which may be applied;

an accurate system representation is essential.

The conve%tional methods of system representation exclude
the rotor circuits of the synchronous machines and obviously
the resﬁlts do not represent the exact characteristics. Modern
trend is to include‘all the rotor circuits, including the

damper winding and any other circuits on the rator (if present);
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in the system representation. Instead of representing the syn-

chronous machine as simply a voltage behind transient reactance

as in the conventional analysis, it is looked upon as a coupledr

assemblage of coils — three on the stator and two or more or

the rotor.

- The dynamics of a synchronous generator equipped with

voltage I‘EgUlatDrI can be derived from the Park's equatign[]gjz"a—]’

generator swing eguation etc. and. can be represented by a set

¥

of first order nonlinear differential equations:

k- 46 d L (1.1)

The-state vector X comparisss of different flgx linkages or
currents, rDtﬁr angular position; velocity etc. and u is the
excitation voltage. The vector function } depends; among
other things;, on the different parameter;—like resistance =and
inductances of rotor and stator circuits:,machine inertia =tc.,
all of them except fhe ine;tia constant Eeing measured at ths
machine terminals when stationary. The accuracy of system
representation will depend on the accuracy of measurement of

I

different parameters.

Measurement of these paramsters should be done under
conditign which are ciose to the actual system conditions in
normal operation. Different types of bridge circuits which
employ a.c. signals are available for measurement of induc-
tances-both self and mutual. But the actual operating condi-

tions of the machine can not be simulated in the a.c. bridos

-
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methods; Ancther major-problem inm a.c. bridgz methods is with
the measursments in thée short circuited .domper winding which

‘is physically inaccessable but.acts as a short circuited

secondary of a tr?nsformer. This causes appreciable error in
the measured stator and rotor parsmeters also., But the damper
windings are known to improve stability =nd so; for simplicity,

it is cften excluded in stability studies,

Poway system computations =res usually done in per unit
rather than in actual volts, ohms ete, due to inherant advan-

tages of per unit system. But unfortunately; like static systam

. . T4l
such as transformer there is no unigue ~ system to convert

the actual parameters of synchroncus machine, mainly the rotor
Circuit guantities into per unit guantities. This is due to

the fact that the "turrs ratio" as commonly used in the case

bf t£an5f0rmﬂrs h;; no UleUQTdr 1n1+l0n lP‘thG céa;-a¥Trété4
ting machin55.~F0r' 1mpllu1ty éndreééﬁ o ;5mputa£ién, a 1
su1teble bystenucf CGHVPrSl“nUSHDuid barseléééea!

t.os - - L. -

1.2 Power System.SiaEility and Methods to fmpfgﬁe Sfability

o T

s ' e RN 2t I
. Power system stability, as detined by Klmbark1 , is =

term applied to alternating current electric power svstems,

dbnotﬁnd A condition in which the varicus synchronous machines

of the Eystem ramain in synchronism ar 'in step' with each

other. Conversely, 1nqvab¢llay dLWGuBS a condition involving

lusq Df :vnchrcnlqm ar f?lllng 'out of step!. Depending on the
.magnltud and typu DF dloturbqnceq, sower system stability
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may be classified intc three types. Ttese are described beqﬂw:

Steady state staebility is the atility of the power sybtém
: _ !
tc maintein powe¥ transfer over the systen without loss of
stability or syrichronism when the magnitude of power transfir

is changed graduslly It is assumed ttat the increase in power
!
output occurs slowly =nough to asllow .the regulating devices

tc respond with thzir steady state chrracteristice. - i

Transignt stability is thé ability of power system to

maintain stability Fof a suddensAimpact on the system. It.is
assumed that the regulating devices de net have time to Functign
during;the transient period.- . i

For a maching with a continuously acting valtage regu%atcr
and governar, negative feedback is introduced so that the pa@er
ahd'vdltaée differences which may cause machine instability ;re
constantly monitersd and corrected. In thié way?'the load can b

ingcreased béydnd the ordinary steady state limit to a new power

limit, called the dynamic stability limit. The dynamic stability

limit depends primarily on the parzmeters of viltage regulator

and governor.

The swing cquaticn which geverns the mechanical oscilla-

tion of synchronous machine can be writtsn =zs

M-daz +0 22 _p _op (1.2)
dt t in u} B

where the output power Po is a functicn of machine internal
voltage and hence the excitation voltzge and also transfer
impedance between the machine and the receiving bus, The right

handside of equeticn (1.2) represents the accelerating power
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Pa. At efeady state Pa must be zero while the rotor ahgle and
machine currents are constant. Thhiknown methods of controlling
the accelerating power PEl are changing the transfer admittance,
controlling the mechaﬁiéal input which is not very effective
and cortrolling the field excitation of the synchronous gene-
rator. The last approach of stabilization will be considered

in detail.

1.3 liistorical Development of Excitation Control

The history of EXEitatian control of synchrondus machines
dates back to 1924 when a group of engineers,published a paper
stating that excitation control is one of the ways to improve
stabilify.'Upto 1948 excitation was mostly provided by shaft
coupled d.c. maching with an electromechanical device to
control its field excitation so és to keep the te:minal‘ﬁoitage
constant. Amplidyne rotating amplifiers with a gain of as high
as 10° was introduced during this period. Though the perfor-
mance of ignitron tube exciter, introduced during this period,
was good; it was not used widely due to its higher capital
and maintenance cost. Brﬁéﬁiass exciter consisting of a.c.
generator with rotatiné érﬁature and silicen rectifiers wers
used in small installatio&é ih the fifties. All these excitors
had the drawback of low ceiliﬁg'voltage (1.3 = 1.5 p.u.) and
slow spéed of response (abﬁﬁi édd V/Sec) snd were of limited

effectiveness in improving the stability of power system.
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In the sixties newly developed silicon controlled rec-
tifiers were used to develop static axciter;; operated from
fefﬁiﬁal voltage of the synchronous machinef These EXciters
ware very fast in response; have high ceiliﬁg voltage (4-8 p.u.)
and high rate of voltage rise (2000-3000 V/Sec). These high
CB,TJ.

speed voltage regulators have two major effects The‘fi:st
is the increase in the restoring synchronizing forces by
varying excitation in such a way as to reduce the rotor angie
exeursion, thus increasing transient stability. The second

is the deterioraticgaigjof machine damping resulting in dynamic
instability. In certain situations combined characteristics of
of load,; generator; exciter ﬁrime mover result in significartly

reduced damping causing sustained oscillations that cease when

the voltage regulator is switched to manual.

Fortunately, the excitation system can be used to increase
damping rather than reduce it and this requires an addifional'

stabilizing signal to tHe voltage regulator. The use of rotor

velocitQTilD]and a "continuous judicious combination" of

f11]

has been suggested as the stabi-
§123

velocity and accelération
lizing signal. A signal derived from electric power outpu
of the machine has been used successfuliy to improve transient
stébility. Joneéia]and Smitdlﬂ conéidered the probiem of-&i}nt:
g%gnf  ;emUval Qith~bang bang excitation control. A quasi-
opgimai excitation scheme is also searche}lslfor "onlineg"

excitation control for power system stabilization.
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1.4 Scope of Thesig

In arprevibhs stud&lﬁ]; fhe performance of a solid sta*e
excitation scheme for. stabilization of a single machine infi-
ﬁite bus system was studied. The introduction of high g i
exciter with the synchronous generator reduces the effective
damping of the system, requiring additional stabilizing signals,
Becau;e Df limited facilities; only feedback signal derivzd
from rotor velocity of the generator was employed for stabi-
lization. Evaluation of the scheme with other stabilizing
signals need a correcéiand precise determination of the Syn-

chronous genérator - excitation system dynamics.,

To determine the dynamic model of the synchronous gene etor
the dlfferent parameters of the synchronous generator such
as resistances; inductances and inertia constants were measured
288 precisely as possible. The input output relations of the-
different blocks of the excitation scheme designed were deter-—
mine® and wers incagporated with the machine equations to give
the overall system dynamic egquations (l.1). The system Qas
then simulated on a digital computer and different types of
stabilizing controls were investigated for a number of simu-
lated faults on the single machine infinite bus system. [t
was observed that feedback signals derived from suitable
combination of rotor velcecity and torque angle was very

effective in removing the. power system transients,



CHAPTER 2

SYNCHRUNOUS GENERATOR AND TRANSMISSION SYSTEM MDDEL

.In this chapter the voltage and flux linkage relaticns of &
synchronous generator derived from Park's equations are given ing
a state space form. The various machine quantities are BXprESéEd
in terms of per unit stator aguantitiess by a. suitable "turﬁs ratia®
aiséuésed later. The generator swing equations and flux linkaga
relations are then combined with the transmission line egquationg
to argive a£ the dynamic model of the synchronaus generator -
infinite bus sysfem. This in addition to the excitation systzm

model developed in next chapter gives the complete systemfmbdelp

2.1 Synchronous Generqto; Voltage and Flux Relations

An apprach to the analyéis of electrical machines is te
regard ev-.ry machine as a coupled assemblage of coils, some of
which are in relative thién;‘In this coupleﬂ circuit apprach,
the three phase synchronocus machine is represented by three
stator coils, the field coil and the amortisseur windings, The
formulation of the machine eguations for the prediction of its
performance characteristics under any condition of operation
requires the determination of its paramesters. These parameters
are determined either by solving ths zlectromagnetic field
problems of the machine by using Maxwell's equations or from

various measurzments ot the machine terminals,

The most basic equations for a synchronous machine ars %hc
differential equations for the stator phaszss and rotor ccils
relating voltages, currents and fluxes. But unfortunately thesge

eguations contain‘parametersrwhich depend



an pator pogition and solutipn of the squations éﬁé?é A grodt
problem, The uss of Park's iréhSFormafion eliminates much of
the difficulty and the ggt of equations can be replacad by
another set of time invapiant relations.

In tha Pgrk's transformation all the armature curzonts,
voltages and flux linkages are resolved onto a two axis rew
ference freme which rotate in sﬁnchronism with ths_rotar. They
ars commonly known as dirsct axis and quadratufe axis, the
former being. along. the pole axis and-the later at 90° out of
phase from the forfier. The relaticnship between the d and q
exes ahd the phase axes are shown in Fig; 2.1,

Quadrature Axisg nf - Direcf
axis \\\ phase b /// axis
‘ E;*“»\\\ 7/;\

o

l.) Aixis of
phase a

Axis of
phase .c

Fig., 2.1 Idealized Synchroncus Machine,

The Park's trangformations and the invereerelations are

— pae 3 . ' - r -—
K] ‘Cos B ° Cos (8 - 120) Cos (8 + 120) | [K_

Kol = % S5in B wWSEIAT(E 1209 U L5in{84+120 ) Ky (2.1)
_ KD - l ’% ) % ‘% ) . - X c -
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- —' - - - -
K Cos @ ~5in 8. 1 K
a . . d
'Kb - Cos (8-120) -Sin(8<120) 1 Kq
K Cos{B+120) ~5in(B+120) 1 K,

where K symbalizas currents; voltage or flux linkages. The
subscripts abc dencte phase-quantities and dgo denotes direct
axis, quadrature axis quantities and zero sequence components.
For the purpose of developing a mathematical model of the

{2, 3

-
-

synchronous machine the following assumptions are made

1) The distributed windings may be adequately represented
by lumped windings.
2) All self and mutual inductances may be represented as

constants plus a simple sine variation of rotor angle of

B or 28 as shown below:

Rotor field self inductance J%f = Lffd

Stator field mutual inductance Cﬁef = LEned Cos B

Lyp = Lopy Cos(8-120)

,A;f L rq Cos(B+120)

(LS

5€1f inductance of stator phases

'd:aa = Faao +:Eg2 Los 26

Oc'bb =L + Ll_f,l'2 Cos ((._81-120)

aa0
L ' + L

‘cc Laao B

Cos(2B-120)

where L__ . =.L + L %
aao al gc
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Mutual inductance between stator phases

&ab = -, 5Lgo+ ng Cos (28-12ﬂ)

OCb,c & --.‘5'Lg(3 + ng tos 28 ;

oCca " —-.'5Lg0 + k_, Cos (28+120)

4w}

3) Magnetic saturation and hysteresis are neglected. .
4) The amortéss¥eur winding and all other rotor circuits are
Heylected for simplicity.

The starting point of the enalysis is the set of flux
' linkage and voltage equatichs for the sct of stator and rotor

windings of the idealized synchronous generator:

: - ~ - r N

Y- Loaa Lab Lac  olar - i
Yo Loa  dpy  ALpe Lur |-5 | -2
Yol Jden oo oloe Aot | |- i

Yea Lta ol Lec - Ler ifg

i

Ea—1 Hja 1a
gJ?b:l_=uP Y{b*wd;ﬁ? i | e (2.3)
GC . .YLC . lC
b - L . ©

Ved =""de + Brg 1eg
where 8's represent terminal voltages and i's are currents
fldwiﬁg out; of the deneratea. Applying Park's transformation

these equations canh be reduced to:
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. |
Yea =rratra™ Lapd Ta

f\‘l)d-" Latg T7ad = Lq 14 . (2.4)

“a a"-R?:lcn"'}"’\.;'qu
where L, =L + 3 (L +L )
d al 2 go ‘ gz
3
Lq = Lal + 5 (LgD - ng)
LD = tal
L, and Lq are called the direct and quédraturé axis Synchronousw

d

inductances respectively and Lal i thz leakage inductance.

The axcitatian-voltage—bf the synchrondgus generator is

(2]

given by

Equations (2.4); (2.5) and (2.6} give the current, voltage and
flux linkage relations of 2 synchronous machine completely

under any conditions of operation. However for balanced threce

phase operation; zero sequence terms will be zero.
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2,2 Per Unit Systen

In ppwer system analysis, general practice is to express

‘different varisbles in per unit rather than in actual'VDlts.

ohms etc. In conventional analysis with interconnected trans-
mission networks; transformers efc. per unit quantities of

the whole system are referred to one side of transformer., In
modern analysis; since the synchronous mschine is considered

as a coupled assemblage of coils,; rotor cirCuits'coﬁe_into
COnside:Qtion.'Dﬁviously the rotor circuit quantitiés éhoﬁld

be refefred to the stator side and then expféséed in per unit.
It is also possible to refer the stator guantities to thg rotor
side. But with interconnected machines; two stage transfer will
be necessary to ‘refer édme of the system parameters to the
rotor side of a partitular machine. Furthermoré; in case_gf
machines with more than one rotor circuits, referring the
quantities to rotor field coil will-be very complicated. In
view o% all thesé difficulties, it is preferred to refer ali

the rotor quantities to stator side.

Conversion of stator quantities to per unit poses no
piroblem at all. The stator currents, Qoltagesi:inductances
etc. are just diViAEd by base value — generally the name plate
Qalue of the ﬁéchiﬁé; The peak values of currents; voltages
are usuallyjééleﬁted as base, This is due to the reason that
under balaﬁced opsrafioﬁ the direct '‘and quadrature axis arma-

ture currents are proportional to peak armature curfent as
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i; s 1 Gos o

' o Ve : (2:7)

1 I 5in «
q

where I is the peak armature current; a« is the phase angle of -

armsture current with respeét to time axis,

To rafprlfﬁé rotor circuit quantities to ﬁhgrstatqr:side
.a suitable "turns rétia" is'r;quired by which rotér quantities
ﬁﬁét be multiplied, Bu% unfértunately there is ho unique value
6f this turhs ratic. For ingtance, ane may define turns ratio
as the ratio of number of turns per stator phase to number
of turns per field pole. A second dafinition may be given as
the ratio of effective turns per stator pHase; considering
the pitch factor; distribution factor etc. to number of turns
per field polef Other definitian.of turns ratio could be,ths=
ratio with méthematical‘turns per field pole for fundamaental
component of stator flux efc; In faczt Qarious authors have
advocated for various turns ratios for synchrénaus machine.
It is not surprising, therefore, that the published formulae
for referring rotor quantities to stator and the corresﬁonding
values are not in accord since they use different turms ratios,
However the per unit quantities of a machine are consistent

for a particular analysis.

‘ , , . [2]
The mutual reactance is deflneﬁz‘as the voltage induced

in each stator phase per unit fisid current or in otherwords:

“rd * Xard Lea 40 $i (2.8)
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Since normal stator_vplfage isluniversally fakéﬁ as
uﬁity; the prédUCf xafd Ifd mﬁst be unity at rormal dpern
tircuit air gap line voltage. Therefore; it is evidént that
once the turns ratio is selected; the basc rotor current cannot
be selected arbitrarily., But it is preferable to select the unit
.field curreﬁt first; since an arbhitrary selection.of turns
ratio may yisld a unit field current which is inconsistent
with actual field current at normal open circuit operatioﬁ.
Once the unit field turrent is de%ined; the ratio of this
Currehé with proper stator current will give the fequirec
‘turns ratios, The term "current ratio" which is defined later
is physically more meaningful and will be used in the following

discussions instzad of "turns ratio®.

With the selesction of base current ratio; the next thing
to do is to cdnvert the actual rotor quantities to per unit
values. The flux linkage and voltage Equétions for the syn=-
bh:oﬁous genérator as deduced in previous sectiorn are

-~

' ) 3 )
??d = Lepg 1pg = Starg ig

fd = Red *rd * P Pra

¥, —w}U (2.5)

q

[01]
It
I
20
.
+
o
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_THa'dirgét and guadrature axes fluxes may be fhuught of ad

fluxes which; although rotate with rotor at synchrofious spesd;

are centered over d and g axes respectively., This siggestd that

the 8 and g axis circiits could be represefted by some gort

of static squivalent circuit. But an essential conditien for

the existance of static equivalent circuit; is the reciprocity

of mutual indu¢tanca cosfficient and this is not satisfied by

equation (2.4, For reeiprocity of mutual inductance coeffis

cient thg currente;

ing way:

t
L afd

inductances etc.

it

winy rafw et polw

'

are defined imn the follows

(2.9)

These newly defined coefficients are used for per unit coenver-

siocn.
. o —d
d Lao
Lo
X =
q Lao - -
- Lgfd --If‘dg_
afd” 2 L 3 .
a0 E lao
. .3 Lrra | lreo
fed = 2 C__ 3.
a8 L 7 Tao
& :; 'f ~ T
.3 fd =fco
TFd =2 X 3 .
. a0 1

Q¥ |

..

(4

The formulae for the per unit conversion are given below :

(2..0)
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EB.Q_.;
I‘a X
ao
L Jeg Tego
fd =~ e 3 .
ao = 1.
2 Tao
’ Ifdo
Base current ratio = 3———
: 3
2 Tao

Similarly per unit conversion formulae can be written for other

rotor circuits also,

The selectioh of the rotor base current is & Mejor prob-

lem, Howsver it isrclear from (2.10) that no unique value of

basae current ratio is demanded by the géneral per unit system,

Most commonly used methods of defining the base rotor current

and hance the base current ratio arec

1.

(5]

xad base system: The base field current is that

current which will induce in sach stator phase a

peak veltage egual to x_41i.,-

Unit voltage base system: The basc field current
is the current required to induce normal, open

circuit, airgap linme stator voltage,

Magnatomotive force base system: The base field
currént will give a magnetomotive force eBer pole
equal to the flat topped armature reactidh at

normal stator current.
Equal mutual base system: The base rotar @uvrrents are
defined so that the mutuail impedances fo¥ @ machine

with one additional roteor Sircuit are all gual.
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Each system has its own advantage. The xad base system
makes all the mutual inductance terms to be numerically ecqual
ad® However; determination of base current ratio requires

the determination of X

to X
‘ ad® In the mmf method the current ratio
may be calculated from number D% turns per field pole ana
stator phase; pitch factor; distribution factor estc. which
require some deéign data 5f the machine. In equal mutual
method all the mutual inductances are esqual and the base
current ratio may be calcqlateq from design data. The unit
voltage base syséem is the simplest one in which the base
field-current may easily be determined from machine open
‘circuit characteristics. Another major advantage of unit
voitage system is that the stator rotor mutual inductance
Coefficients.are unity for field circuit and other rotor

circuits. The unit voltagec base system will be used in this

study.

To express thc machine equations in per unit system;
time and rotor angle must also be expressed in p.u. The base

time tg is defined as

t == » e ' (2011)

which is the time required for the rotor to move aone electrical

radian at synchronous spead, The differential operator p { §¥ )

is replaced by =B~ in per unit siace

wD
- 4 d. 2 d_ _ B
Poou. = dt/tD =t 5 = W, dt L - (2.12)

K]
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To express the rotor angle B in p.u., base roter angle
is defined as
.BG = 1 radi = ‘ooto

Then any rotor angle 87=¢t + & in p.u. ig

8 Wt + o =‘L0t + 0

Deu. g 1

::(.l)t+ o) (2.13)
D .

which implies that rotor ahgle'in p.u. is egual to the actual

rotor angle.

' 2:3 Equations of Synchrohous Benerator Infinite Bus System

The matﬁematiCal relations of a simple power system —
a synchronous generator feeding an infinite bus through a
transmission line is developed in this section. The equation
relating uoitages and currents of the system is

T ;. r 7 [~ E

e i i )
a a a a .
Eb = RE lb + Lep lb + Vb i : (2014)
e li ' i v
[ c C C C
L ] | B i i

where V's are bus voltages and Re aind Le are transmission
line resistance andindtctances respzctively. Using Park's

transfomation thig equation can be reduced to

ey = Reld‘t Lepld = {3 Lelq + Vd

q* V;{ (2.15)

o]
I

Relq + Lgplq +,??Lel

. ri_+;L pi <+ V
a! oto TePts o

Q
]
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For -symmetricel three phase doperatinn the zero SEquente terms
will be zero. Vdfand Vq are direct and quadrature axis bus

voltages respectively where
V=V Sin D

V =V Cos ©
q ‘

{2.16)
where d is the torque angle - the angle between the rotor of
the generator and infinite bus reference axisjthe generator
being ahead of infinite bus.

;e

The power output dfréyﬁéﬁfoﬁbus'generator is given‘by"

. 2
£,V Vo (x =x )
g d e d e g e :

The basic swing equation describing the mechanical oscilla-
tions of synchronous machine is
2

H d7d
w7 el L Tg ' (2.18)

Defining the per unit speed ‘duwiation as

EChL - (2.19)
n= wn .
equiation (2.18) may be expressad as

po = GIgn
- - L in .~ g

coo iy .
where Trn = 2H,/tﬁe inertia constant of the machine.
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The voltage and flux linkaga relations of the synchroncus
machine developed in section (2.1) and the transmission line
equation {2.15) are expressed in the following normalized
forms with the help of conversion formulae suggested in the

-previous section.

”ﬁd = Xerdled T *afd’d -

i _ . - . ’
\fd = Xafd fd - *d'd (2.21)
\’J = = X i '
q ] qq
1 \V
Ved = Teatfd * WO, P Fd
i . 1
'y = %Jq rig+ Wa p\Pd (2.22)
T *QJ a r i == p
~ q A O_E
e ‘ X, -
ey :wreld _'Cdo xe-lq + &)D ol + V Sin o
. e . %g
3 =T i ‘4= x i, 4 i + V Cos o {2.23}
“q e g Wy etd T (), P*q A o
e, = VedE + e 2
. X
Erg = T Vey
‘ Ted

Expressing field voltage Vey in terms of excitation
voltage Efa and substituting the flux linkages of equation
(2.21)’t0 voltage equations (2.22) and equating with (2.23)

the following equations can be obtained?



P led = Srdx o "o Frd trd

e . . 5] . ;
‘p‘+t =CJO[LQb pig+ r i, - bijelq+v Sin B]

e, . 2 24

+e r iy coquq (2.24)
X B
p‘f‘qzw,,-—?-—pi_»,riaf“’xi + V Cos d

N S
*WoTlg "W Xapgtfd < Xald

Differentiating equations (2.21)

P \H’d = XeedPleg ~ XardPi g

p‘Pd' = XardPleg = *gPlg (2.25)

- x pi
»Fe = - "t

Equating the above two equations the derivatives of

currents may be expressed in the following matrix form:

| —";cfd " Xafd 0o i | :b‘\brfdifd+Efd(£%r;ﬁ
atd
Xopd " (xd+xe) 0 pig 1= LJD(re¥ra)id- xaiﬁ¥b{V5ina%coxqiq
] .D 0 —(xa+xa}‘piq- QJD(re+?a)iq+cﬂxeid+;JUVCDs'B'
2 ‘:+I“:(ib$‘“did "X ratra
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Solving this equation for the derivatives of the currents

ol N
'
P |

and cambining them with the‘swing ¢quati0ns {2.20) gives a' L

-set of 5 nonlinear firstvoider differential equations for the

single machine infinite bus system baving no gavernaor. and

extiter dynamic¢s and in the absence of amortisseur windings:

-~

—

pi?d1 i alifd + azid+aa(l+n)iq+aaéina + ag Efd i

Pid éﬁéfd + a7 -4t 23 (l+n)1q+agalnb + 35g Efd

piq = all(l+n)ifd+alz(l+n)id‘-‘r-_ 2 4 iq + a;dﬁos 3l (2.27)
pn alSEfd Sin 0 + ajg Sin 20 + a; 7 ;

pd lﬁ | 25 nA ‘ J

The direct and quadrature axis voltage equations are:

ey = 3y fd+8701d+32 1q(l+n)+a22Efd + a,359in D

eq = a241fd(l+n)+a251d(l+n)+ a261q + ay, Cas © (2.28)
where .

T

o al X% o Ear )Xoy

15  Ad _ ap = Ad

] A‘—xafd(xe+xu) . _ . Y X fd

3 - Ad 4 = Ad .
L rfa(xd+xe) . :'rfdmxafd;

? . *afd Ad b Ad

o (r +T )xffd . | ‘ a‘=-:'—--'—l 'Ffd(x X )

1= T A4d ag = A4
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V xepg . ITrd
a = . d = )
9 Ad 10 ad
911 = T Aq o 12 © Aq
~(T 4 ) - =V
13 4q - ) 14 Aq
I N (xd"."_q) :
15 Tm(xd,+ xu) . "16 2(xd+x8)(xq+xe)Tm
T:n'.n
71 = 7 318 = &%
m .

_ XeTfdXafd - . xexffd(re‘br.a“‘
19 T T W,4Ad 20 7 %o W, ad
] . xexffd(xe+xq) \ o X Teq

217 o w,Ad 22 T T 5,Ad
X X Y ‘ X X
a.. =y 4 2 ffd a. - —& afd
23 : -w,dd 24 D Aq
i xe(xd+>l<e_)' e x (x_+r_)
25 = Xg w.4q .. %26 = Yo . B4
x V-
a = V - E.
27 (Wsda
><2 " x {x, + x )
afd ffd d »
Ad = )
a]
) (xe + x )
Ag = AN
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CHAPTER 3
THE EXCITER MODEL

3.1 Introduction

An slectronic exciter, designed and constructed in a

-

previous study{l is caonsidered. The exciter comprises of
sawtooth, adder; comparator; inverter circuits and a set of
rectifiers. An analog computer was used to provide the opera-
tional amplifiers for the comparators qﬁd adders. A set of
thféé controlled and thrze uncontrolled rectifiers rectify
thHes three phase ac voltage obtaiped from a Qonstanf voltage
source and feed the field of the generator. By changing the
firing angles of the controlled rectifiers; the excitation
voltage may be varied from nearly zero to maximum value. The
firing'aﬁgle of the SCR was controlled by a reference dc vol-
tage and provisidn was kept for use of auxiliary signals.

Two circuits, one for sensing and recording the change in
terminal voltage and znother for sensing the deviation in
rotor velocity wame constructed. Figure 3.1 shows the block
diag¥am of the exciter and Fig. 3.2 shows the details of the
excitation system. The input output relations of different
blocks of the excifation systeﬁ, namely the different sensing
circuits, the SCR control circuits etc. are deduded. A simpli-
fied block diagram and transfer fﬁnction is presented in tha

last section.

-
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C1lrcul

L

Terminal voltage

Fig,3.1 Block Diagram of Excitztion System.
3.2 Voltags Deviatiod Sensing Circuit

The éirtuit for serising the terminal voltage deviation:

'6f the genetatbr congists of a step cown transformer, a set of

1ffébtifiers 4rnd a bridge network. The d.c. voltage proportional

to the.termiﬁél voltagé is compared with a referénce signal
t?rom 8 Zener diode) and the brldge netwurk 1s adJusted such
that the output 51gnal aFf the network 1s zero at steady state
but whenaver there is @ change in termlnal voltage a slcnaL

appears at tharoutput;F;g;l3.3 shows the terminal vnltage

déviation se&hsipg netwark,
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; R,
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1+ él. 5k %1. 5K
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voltege—= ) — 1 Rectifien Rzii L LT;b .I >0l
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' ‘ ' : | —Lhg

Fig. 3.3 Terminal Voltage Sensing Circuit.

In the circuit R, represents the diode forward resistancs

1
and the winding resistance qf transformer. The voltage devia-
tion siggal:is‘obtained ét the terminal marked €,01" The Zener
diode operates in the breakdown region so that its voitage can
be treated as a d.;. reference voltage.‘The Dutputlof the

bridge network can be expressed as

1.5 + RS

a1 = gtﬁf:—ﬁg e - 9.1 : (3.1)

Oefining percentage change of & as
s — ' (3.2)

where. e, isrthe steady state voltage across bridge, equation
{3.1) becomes

_ 1.5 + RS
e e —

vol ~ 3.0 + HS Eoll +‘Edev

) = 9.1

HS is adjusted so that at steady state €0l is zero,

Therefore the steady state relation is
@.53000 + RS




v28
Hance &t a chavged véltage condition the output ﬁ??fHé-Uqltqge
deviation circuit is

= 9.1 e {(3.3)

2
dav

vol

It is to. be noted here that due to Lhe presence Df series

LW

resistance Rl perceritage change of e, ig not Bqual ta pPrcentage
:-changa of 8. In addltlon, due to the capacitor Cl there w1ll
bu a t;me lag. Cunsaderzng the Zener diods as a d.c. vnltage

SOUTCH the fallow1ﬂg nbde equation can be written in terms of

Laplate operator Sé

e = El e e = 9.1 e o - 5
TETS o Ry o0+ STEgeTT t TigooeR, = 0 ()
e 2 __ 5
L . °v “ ®10 ., .
Substituting e, . e it reducey to
‘ .‘ldev Elﬂ
o] . T dev 1 4+ RCS
where i = L + L + l_ L
e R T TR T TR, T1500 ¥ 3000+R.

v
“

Equations for steady state and transient conditions canm be

obtained from sguation (3.5) as:

e, = [ 006067 + ﬁ;g‘] R
l .
o _[1+ .o06067 x R/e ] ey 40
dev

1 + RCS
Substituting the augilabie data eo'é 17 volts; Ry = 1201

R

o =1 K&, C, - soMg , Re = 22340
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_ 0-966 e]_.gEV
dev ~— 1 + 0.00775

. {(3.6)

Since transformer winding reaistaqce and diode resistance
is included in-Rl; percentage chanég of machine terminal voltage
will be equal to percentage change of e Therefore the output
signal from the voltage deviation sensing circuit can be ob-

tained by combining equations (3.3) and (3.6).

B 8.8 : R
_ ®vol = 17.00775  “dev (2.7
j "t ot .
where Vd m —— is the percentage change of machine -
BV CH

terminal voltage. Equation (3.7) may be exprassed in anotheor

form, putting e = .74 p.u., which was the voltage during the

tr

performance test{with the machine flnating)

T e
. “_____t___ ) !
Bvol = ~ 119 e T TS ,00775] (3.8)
Experimental study 'shows that gain of the voltage sensing

network is 9.2 and the time constant is about 12 m Sec. which
4

are close to theoretical results.

3.3 Velocity Deviation Sensing Nstwork

The circuit which senées the deviatinn,in velocity
consists of a d.c. tachogegefator which produ;es,a constant
voltage when the gehefatdr is running at synchronous speed.
The output of the tachogénﬁrator is comparec with a reference
voltage to produce zero output at steady state. The cifggit

diagram is shown in Fig. 3.4.



Fig., 3.4 Velocity Deviation Sensing. Network.,

The velotity deviation signal is obtained at the terminal

marked Bval'

17 + R

=91 - 33TR %

e (3.9)

vel.

Fercentage deviation of voltage eq across the bridge is

defined as
®adev =

where ey is the woltage when the machnine is running at steady
state and B4 is the volfage for any : speed. Then equa-~

tion (3.9) reduces to

e = = 09,1 e (3.10)

vel 3dev | )

‘ubstituting the sxperiemental values of ey = 17.1 volts

and R = 1.2 K.,

Due to the presence df.large series resistance 15 K
the percentage change of ey will not e equal to the percentage
of 5. But since the other two seriss resistance are small

and,also‘currant'through'these resigtance is also small {(about

1

mA )
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the pescentege thenge of -2, and percentage chahge of e, will
- be-almpst equal. . In other words the loading. effect can be

neglected for the R €,R,C, ldag network: Considering the Zener

diode ap a d.¢, bource the node equation can be writteh as

@y = vy + 15 { Tt 34, (3.11)
= 2,3761 ey - 8,53125 ®,
CSubgtituting e = '-‘*-'--—-Q' ;. the followings may be obtained
. 2dev 50 o .
s 20 = 0.788 (3.12)
"3dev = "2.3761 ejg “2dev T 7Y Fadev .
The transfer function of the ﬁlElR2C2 lag network is
i _ 1. .
®1  R,A,C.C,5° 4 (R C,+R,C,)5 + 1
172 12 Miatta~al
—~ 1 ) -
17 G.0083¢5 (3.13)
®ldev
Thereforse 85 4ay = T T . 00GBE S (3.14)

The voltage ey of the tachogenerator is proportional to speed N.

El=KN

so that e (3.15)

ldev ~

where. e and n are per€dfitage changes in 8, and speed

ldev
r85pebtively, Combining equations (3;10)5‘(3,12)1 {3.14) and
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(3.15) the velocity deviation sigral from the sensing network

is

> - =116 n |
¢ =T+ .00886 5 (3”%6)

Experimental study gives & gain of =4.0 for the Uélncity
gsensing network., The time constant was not determired experi=-

mentally.

3.4 The SCR Exciter

A set of three 9CRs and thrée uncontrolled féctifie;s
were arranged in a bfidge circuit to rsctify the three phaaea
a.c. voltage obtained from a constant voltage source. The
firing angle o of the SCR is EUntrollad by a control circuit:
which is discussed in the next section. The d.c. voltage outs
put of the b;gdge depends on the firing angle o of SCR. For: 7
o« = 0, BBth SEH conducts from 30° to ;EUQ of Ehe voltage wavej.
For the range of firing angle U£:a4:6do; the SCR starts conduc—
tion at 30 + « and continues upto 150 + é..For o above 60° |
conduction starts at 30 + « and continués upto 210°. The bridge -
rectifier'gnd the rectified voltagé wave are shown in Fig.3.5.

énd 3.6 respectively.

Caonstant Fisld coil
veltage sourcd 4
. SCR;ﬁi EF— #&
. 4. T md

Fig. 3.5 Thres Phase Bridge Rectifief:
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Fig. 3.6 Rectified Voltage of the Bridge Network.

The d.c. voltage of the bridge can be calculated from

voltage is

the Fig. 3.6. For a below 60°, the d.c.

Sin Lt - Em Sin fth—lZU)] d ot
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Expréssing the field voltags V in terms of excitation

fd
Xafd )
voltage E (=——= v.,) and substituting the experimental
. fd ey fd .
values of X_¢qt T e and EL = 170 volts = , 74 pfu.
Erq = 1.865 (1 + Cos «) , o< 60°
| (3.19)

3.904(1+Cos a)/{n - «) ; a>60°

where o« is in radians and E_, in p.u., Fig. 3.7 shows the SCR
characteristics., The nonlinear SCR characteristics is linearized
using least sqguare curve fitting technique by a computer program

which is given in appendix.

The equaticn of the linearized curve is

E

£d 4,0929 - 1.1664 «

Il

from which ~ AE_ = - 1.1664ax (3.20)

for small deviations about the operating point,

L]
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3.5 SCR Control Circuits

The heart of the SCR firing control circuit consists of
a set 5? three comparators (one for each. phase). The comparator
compares two input voltages. When the two veltages are exactly
Eﬁéequal and uppusite; the outpht voltage of the cnmparafor‘swit—
ches its mode. The switched signal is usedito fire the SCR's,
.Ohe of the two volfages used for comparison is a voltage time
base signal (or a saw). The other is a d.c. signal which is
Zthe algebric summation of reference signal, voltage deviation
signal ahd velocity deviation signal. Since the switching of
the comparator is in the direcfion of positive to negative
voltage, the output of the comparator can not be used directly
to fire the SCR's. To invert the polarity of this signal an
inverter is used. The simplified block diagram of SCR firing

control circuit is shown in Fig. 3,8.

Velocity
deviation

]

fidder Saw tonth
Ref. and ®e comparator .
PR h mt COMP ! prm 3 x
] gain control inverter
 AVoltagéy

deviation

Fig. 3.B Simplified Block Diagram of S5CR Firing Circuit.



-sen

 The;adder‘Eh the eg;ifatibn syéfém,is ugsd ﬁp ddd velo-
qipy daviaiiun gighgl; voltﬁﬁs ﬂévﬁé¥iqh signal and fhe ;s?af
ieneb Bignal to prbduce & t6Atiolling dic. voltage for the
- comparatos, This cireuit alse gérvss“ﬁhe puiptes of .gain
| control for individual foedbaék eignels. The adder éircuit is

shown in Fig. 3.9.

8
e
Fig. 3.9 Adder Circuit.
The output of the adder circuit is
€e 0.44 Cref * K\ml ®o1 * Kvel ®vel _(3'21)

z-where Kvol and Kvel are gaiﬁ“of voltage and velocity deviation
"signals réspactively. The adder circuit oufput eB-is applied

to the cdmparator and is compared with the saw tooth veltage.
The combined effect of the comparator; inverter and saw tooth
circuit is that whenesvef tHere is an increase in e the firing
angle o increasss i.e. firifg is delayed. Since the adder
signal is d.c; the firing éh@ie'a will folldw the saw tooth
wave as shawn in Fig. 3,10 whith may be redrawn in andther way

to show ‘the relation betweeh ddder voltage e

and the fiting

sngle & as shewn in Fig, 3.11,
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Fig. 3.10 Comparator. input ’ 4 Fig. 3.11 Comparator Inverter

Signals. Characteristics.
The eguation of the line of Fig. 3.11 is
« = 0.575 s_ - 0.8749 | . (3.22)
For small deviation about the cperating point eguations (3.21)
and (3.22) bccomes
£8g = K01 ®vel * Rvel Byel
| - 1{3.23)
Do = 0,575 /.\ee '

From experimental data it is found that for E;d =170 volts,
with the machine floating; e = 8 volts; o is about 66° which

ref =
is also obtained from equations (3.21) a2nd (3.22). The corres-
ponding d.c. voltags is 165 volts. This requires a voltage
divider of ratio 0,268 st the d.c. output of SCR so that requi--

4

red voltage of 45,4 volts is applied to the field to give

Egq =°170 volts. Small time constants associated with the
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glectronic circuits such as comparator, inverter ddder etoc.
and a time lag in SCR firing maey be combined to @he tite cons-
 4et#t for the exciter which is taken to be about 20 mSec,

3.6 Simplified Representation gF_EXCitation System

The transfar function of each of the blocks of the exci-
tation system has bewn devzloped in the previous sections.
Cambining them the overall block diagram of the excitation

system canh be redtawh as shown in Fic. 3.12.

vel € 1 +.008865'*

1+ Q.02 S

~ — 4Bgq
| (575 _.,*4 1166 d 268 |15

11,9 ”“*(Evoi

1
1 +.0123

Fig. 3.12 Detailed Block Diagrem of Excitation System.

The excitation system block diagram of Fig. 3.12 can

be_reduded to a simplfer form as shown in Fig. 3.13. The cal-
culated gains of the exciter and velocity feedback circuit are
vol respectively which may be com-

pared with respective experimental gzins 2.0 K

2,2 K and 0,612 Kvel/-Kuul

vol and C.4 KVel/K

The time constants of exciter and voltags sensing circuit are

vol

20 mSec and 12 m Sec respectively anc that of vclBcity sensing

circuit may be neglected:
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Fig. 3.13 Simplified Block Diagram of Excitation System.

The excitation systam can now be represented by the
!

following squations.

Py = ( ey —_etl)/’ZL : (3.24}
K ' |
R {etl - e, - us(t)-lj | (3.25)

“where Kr is negative. Tha nonlinear form of equation (4.25) is

- K . K
T 1 I
PEeq = %% 8¢1 T, Eeqg + (Eg - Kretr)/Tr_T; u (t) (3.26)

"If the time constant in the veloecity sensing network is consi-
dered another differential equation would be necessary to
represent it. The excitation system thus can be represented

by a series of gains: and time constants.
gl R,
\

A,
e



CHAPTER 4

MEASUREMENT OF GENERATOR PARAMETERS

4.1 Measurement of Inductances

As stated, the measurement of different synchronous
machine inductances by d.c. bridge method giveé more accurate
results. Under normal steady state balanced Dberatiop, the
resultant mmf of three armature coils is constant in magnitude
and stationary with respect to rotor poles in direction. The
resultant -airgap mmf is,‘thereforé,'a Qector sum of armaturd
‘and rotox mmf's which is comstant in magnitude and direction
with respect to the pole axis. Therefore; the inductances
which govern the performance of synchronous machine are induc-
tances to direct current {and since airgap mmf wave is rotating
at synchronous speed, these are called synchronous inductances).

They must; therefore; be measured with direct current.

Any attempt to measure inducfances at stand still with
50. c/s alternafing current will fail completely due fo the
presence of damper winding which acts as a shqrt c¢ircuited
secondary of a transformers Moreﬁvér the ‘core loss will become
appreciable so that there will be large error in measured
quantitiess The d c. bridge method ellmlnates dhese d1ff1cul~
ties. The procedurél ]followed Far the .measurement are given

below.
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a) Measurement of Self Inductance of Fielaﬂboé}F‘

R = 162
R2= 44.4 -
R3= 44f9
R4= 164

s

Fig. 4.1 Wheatstone Bridge Arrangsment for Measuring
Self Inductance.

Figure 4.1 shows the Wheatstone bridge arrangement
where R;L representé the field coil of the machine. R2R3,R4
are non inductive resistances. Using a d.c. source the bridge
was bhalanced and let ID be the current in the fiesld cail. When
switch 5 is opended; the current in the inductor falls expo-
nentially to zero from the initial value Io’ given by the

relation
L

_ - ffd -

i = ID e - R + R2,+ Ry R4 (4.1)
_The voltage across the detecter is

v o= i (R2 + RG) (4i2)

X,

Let the detctor be such that it indicates the time integral

of voltage across it,; that is



[
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(]

7, " f '\Iljd't
D
R « RZ + R3+R4 ffd "o
_ Rz‘ ‘
= IR, trralo : (4.3
' R Ry
{The bridge 4w balanced su that go = =)
; - 2 3

i
Knowing # from the detector self inductance can be caleuleted;

R+ Ry~ 4. ,
ey ?‘“jiha.? | .If - e (44
Gaﬁ;rélly; the Qoltaga integrator may be E:it:h'er”':.El":H“"E

bullistic galvanometer with a series resistor or a fluxmeter.
However due tﬁ nonavailability oftballistic éalﬁancmeter and
fluxmeter, an oscillosscope was used as the detectoxr. The

VDPGillOSCOpB has an advantage over the ballistic galvanometer
ot fluxmetar dectector. The creep of meter nezdle duse to slight
unbalance of bridge introduces some crror in measurement which
- is Bliminatﬁd in osrilloscope measurement{The'Dsciliogram,Gf
thalxranaient pulse was taken and integrated by plénéheter and
alsh.checked,by'c?lculating area. Onz of the oscillograhé is
reprbducsdrin Fig., 4.2, Maaspreménts are carried out with
ﬂiffg;ent_valugs of initial currents. Fig. 4.3 shows variation

of self inductance with current.

LT
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the presence bf damper winding does not affeét the
measursment of self inductence. This is shown as follpws:

Let Ldf be the mUtUal‘inducfanca between figld and
damper windirng. Theh'the~vnltége induced in the field circuit
due to the presence of induced current in the damper winding

dig , .
is L . The time integral of this induced valtage

f - dt
o
[ di
Kd .
.Ldf =% _] dt , (4.5)

¢
as given in equation (4.5) is zero, because the initial and

final values of the induced damper current are zero.
‘b) Measurement of Mutual Inductance:=-

The method discussed above can be applied for measuring
mutual inductance also. Figure-4.4 shaws the necessary bridge

arrangemant,

Figgmﬂad Bridge Arrafgeihent fotr Measursment of Mutual
Inductanee.



The bridge was balanced initialiy with rated current in
the field and armature coil. Then the switch 5 is opened whith

tauses a tramsient ¢urrent in field circuit and a corresponding.

di
induced voltage Lafd —E%g in the armature coil, The transient

voltage pulse across the detettor was recorded by an oscillo-
scope and time integral of voltage wsos calculated. It can be

shown that the mutual inductance can be expressed as

R + R
2 1§ .
Lo, o , {(4.6)
afd R2 Ledo
. ’ ‘ )
where Ifdo is the initial field current and £ is the time

integral of voltage across the detector.

It is to be noted here that mutual .dinductance varies
sinusoidally with rotor position. Thas maximum value of hutual
inductance is required for machine representation., Measurement
of maximum mufual inductance requires an initialrsetting=of
field pole =zlong the same axis with armaturefphase..Figure 4.5

shows variation of mutual inductance with field current. .

)

 Mutusl Inductence p

TR 0.2 T.€
 Field Curfént in smps.——s
4.5:Fi@iq3fuifﬁntbﬂersu%‘Mutuei.Imducﬁamce,Plot.

“ﬁ'
|:-f&'

a
é
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In the bridge circuit considered above, the conditions
are almpst similar to actual operating conditions Witﬁ both
windings carrying curranfsa.The currents may be adjusted for
‘desired saturation. Tha mutual inductanée measured by this
method wili correspond more closely to actual values than

-those obtained by other methods.

gIdeaily ;n the unit voltage base system mutual inductahda
%etween stator phase and field winding will be unity. The
induttahce bridge measurement of mutual inductance gives Sﬁ”
slightly lower value. Mutual.inauctencé can also be measured
from open circuit characteristics of the mach}ne'ﬁsing the
relétioﬂ
e . Lafd

fd R

AP fd .

Fig, 4.6 éhows the open circuit characteristics of the machine.
'Ka defined in section 2.3, thé base field current is found
from the curve to be 0;376 amps.which is the field-current
necessary to give rated opeh ciicuit voltage. The calculated

mutual reactance is 50041 at 50 c/s or in other words per unit

mutual inductance is unity by equation 2.10,

c¢) Measurement of Direct and Quadrature Axis Synchrcnous

Inductance:

The d.c. inductance bridge discussed earlier may also
be applied for meésurihé d and @ axis synchronous inductances.

But these inductances are much smaller compared to mutual
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«50-

inductances. Measurement of these indUctaﬁcés by the same
process requirés very féét triggering of Dscillosqope to Qet

a good oscillogram, since the %ransient pulse is Dfrvery ;hort
duration. At the same time triggering must be synchronized
with switching of bridge circuit. Because of the difficulties
faced Qith the bridge met%od, the synéhronous induc tances of

the machire were determined by slip test.

4.2 Measurement of Inertia Constant

The ingrtia constant is determined from the retardation

test. The basic idea behind retardation method is that when

RN

the driving power of a rotating mass is interrupfed i% will
decelérate.and finally come to rest. The time required tc
decelerate is directly proportional fo kinetic energy of the
rotating mass and inversely upon friction; windage and other

losses whiech dissipates energy.

The Kinetic energy of a rotating mass ‘is given by

2

K.E = & JOD (4.7)

Any decrease in Kinetic‘energy would be equal to the work
done in overcoming the losses during any interval of time.

Let W be the loss due to friction windage etc. -Lhen
0 , oo

Wdt =d (4 Je?) - .- 4,89
0o G
or W.= U dt

= = Mx (4.9)
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déd

ﬁha:e retardation o = = and M. is the i%@;tia canstant.

dt
Exa:ﬁ dEterminatiDﬁxéf reta£dati0n characteristics posgs
a problem. Tachometer meas;iement of speed is not satisfactory
since it will introduce largelerror. With field excitation
. constant, the generated voltage Dfla d.c. generator ié directly
proportiaonal to speed. Thefe%o:e, fhe speed time cha}a;teristics

may be obtained from a simple record of voltage.

However instead of measuring the generated voltage
direcfly the érrangeméﬁt showﬁ in Fig; 4.7 was made, The diff-
erential voltage ED was reco;@ed with a pen recorder. The pen
recorder plot is shown in Fig. 4.8. The speed ig proportional

to sum of battery voltage and the differential voltage.

; Pen .

EQ m.C : £ V:) recorder
‘ Len D '

B S N ‘

Fig. 4.7 Set up for Measurcment of Inertia.

If the voltmeter is calibrated by some standard speed
measuring instrument; the speed can be directly read from the
differential veoltage. The speed N for any differential voltage

Ep will be given by

N o= N, et {#,10)
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where EDC is the differential voltage at some krown speed

Nc' The known speed in the experimental sct up was 1500 rpm
and EDC - : ,
eguation (4.10)'which‘i5fshown in Fige. 4.9. The no load input

was zero. The speed time curve can be calculated using

power at rated speed which is nothing but Frict;on; windage

and 12R loss was measured.

1800 S : - - 1

1500 o ‘ -

1200 <

200 = = k\\\Y - -
y ) .

800 e >

300 [ 0.

Speed in RAPM ———>
7

R
{

g
0 P a4 £ & 10 12 14 16

Time in sesconds ——

Fig. 4. g Spbmd Time Characteristics Obtained fram
Setup. of Fig. 4. T.

For the machine under test the following data were obtainad:

No load input power 382 watt.

~ Armature copbs% loés- 20.7 watt.
Friction;_windage Lbss - 361.3 watt.
Retardatian‘rnr‘ 150 rpm/sec (from Fig.4.9)

. or 15;T'rad/sec2.
The ifertia constant’ Moig - calculatec from equation (4.9) &nd

the value obtalned is 0.4 . Joule sec/elect. degs

o R

L Oy
",
k]



4:3 Results

A 1.5KW, ESﬁV synchrnndus machine driven by a d.c. motor
on an AEG gensralized machinerset wes considered. The walues
of the various parameters obtained ere listed here.-A Wheatstone
bridge arrangement with a precision of 10“4 was used to measure

different resistances.

1

Base voltage (stator) 187.8 volts

-k

Base current (stator)

g

5.325 amps.

35,3 oﬁms

Base impedance =
Base field current = 0,376 amps
Base current ratio = 0,04702
Parameters Actual Perruh*t
velues values
1. Armature Resistance 4.812 ohms 0,134 p.u.
2. Field Resistance - 162,12 obms 0.01542
3. Field eoil sclf inductence 40.4 Henry 1.195
4, Direct axis synchronous 0,108 " 1.05
inductance - ' ' :
5., Quadrature axis synchro-- 0.0e27 " 0.558
nous inductance ’ . Cee s
6. Stator field mutual 1,35 "o 0.85 (by bridge) -
inductance 1.55 " 1.0 (by 0.C.C.)
7. ‘Inertia constant of 0.4 Joule Sec/ 2.4 (H)
rotor mass glect.deg.

(M)

Table 4,1

Inductances in the above table represent valuss at rated

operating caonditions.
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CHAPTER 5

EFFECT GF EXCITER PARAMETERS ANL STABILIZING CUNTRULS

5.i'IhtroductiDn

The power system considered for study consists of a

1.5 KW, 230 V alternator on an AEG‘foui“qﬁﬁhiﬁéhgﬁffﬁh§ébﬁ-w:iah

is connected to a power system bus through a simulated trans-

mission lime. The generator is equipped with controlled recti- )
T N g
fier excitation -eystem having the provision of applying differenti v

stabilizihg signals. The block diagram of the overall system

is" shown in'Fig. 5.1.

State feed- |’
hagk -elements [

Ceiling
voltage
limit

Exciter and]]
voltage f/“\\

regulator

. Infinite
bus

Transmission
— Syn. Gen. line

Terminal vol-
tage feebback l&
:lement 1 e

Fig. 5.1 System Configuration,

The state space représentation of the synchronous generator
and excitation system as deduced in.Chapter 2 and 3 are glivuon

as:
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l_ . T . [ .-l ’ 5 . - . N “‘:

Pigy aydey # i, + aa(l+n)1q+ a, 5in d + aSEfd
Pig |- agley + aqig 4+ aB(l+n}1d+ ag Sin & + alDEfd
piq'i{'-_all(l+n)ifd + ay,(l4n)i gy + alBiq + 2, Cos
pn y=.| 8 cEoy Sin 3 + &, Sin 23 + ay 7 R (5.1}
po 28 "
: . , Kr 1 Kr
PEeal T %1 T TTr Eea + (Eg = Ky e )/ T 'f'f-'“s(t)
r ] ' r
Pt oy = e}/ T,

L. . - L. —

or written in the form (1.1) is

The coefficients a; are functions of synchronous machine para-

meters which have been determined and presented 'in Chapter 4.

Under stcady state conditions thc right hand side of
equation Ga)equalszerc 8olution of this sguation yields the
S%e@dy state Dp&rating pcints. The computer program for the
sﬁEady-state solution is given in appendix II. The operating '
points considered for the study and the values of the par"meters

are. also listed in appendix I,

To simulate a disturbance or fault on the power syster

represented by the set of cquations (5.1); functicns or th:

?r

parameters in the rlght hand side of the equation are;m ié.fled

-.7

acecordingly. The set of dlffarentlal equations' (5., 17 &ra solvcd .
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by a fourth crder Runge Kutta integration method. The computér
program developed for solution of the differential equations

is given in appendix II, The soluticn of the differential squa-
tions which arec the different states of the system such as
Current, rotor anguler pasition, velocity etc. are recorded.
For a¢Curacy of result the step size must be much smaller

than the smallest time constant in the system, But the smaller
the step size the larger is the computing time. A steprsize

of 5 m Sec has been feund to be a satisfactory compromise, .

o
A _\} '-E

Lol
RO

Effect of different parameters of excitation system such
as exciter gain: time constant etc., have been studied. Uetor-
mination of the exciter gain for best performaﬁce was attempted.

' is used to mean minimum first rotor

The term "best performance'
excursion duc to a disturbance and maximum damping of rotoer

angle oscillation subseguent to this first swing.

A high speed voltage regulator is known to reduce stabi-
lity rather than increasing it. But it is possible to increase
damping by excitation control ard this requires an additicnal
stabilizing signal in addition tc the ncrmal voltage error
signal. Sgarch for suitable stabilizing signals derived from
the system states have been carried out. An "optimum" combinaticn
of the differan£ system guantities for best transient remsval

has been attempted.
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5.2 Effeet of Regulator Gain

In ordef to investigate the effect of regulator gain on.
the stabilify of the power system a thrce phase short circuit
for a duration of 120 m Sec (6 c/8) was considered at the
generator terminals. The operating point was at 60° of the
underexcited machine when the output power was 31%5%; (The
maximum power that can be delivered by the machine under this
extitation is 37%). The power difference or the acCslératihg
power due tc short circuit causes the machine to accelerate and
the voltage regulator rescts accordingly by varying the voltage
applied to the field. Faf the operating point under considera-
tioh the machine in absence of voltags reogulater can not survive
the three phase fault and for low values of regulator gain also
the system beacomes gnstablew-FDr small values of gain, the
oscillations grow gradually and the system becomes unstable,
This is a ecasc of dynamic instabilityu With increase in rogu-
1ator gain the. first swing stability improvos but damping is
poor. Too large a2 rggulator gain again deteriorates the system
response and for :a gain of 800 and over it .has been observed
that the machine goes completely out of step. The system behaves
almbst 4nm & similar manner 'with an additional stabilizing
signal derived from rotor welocity. Figures 5.2 and 5.3 show
the effect of rcgulator gain in absence of additional stabi-
1izihg‘sigﬂéi. Fig. 5.2 shows the rotor anglc variation of the
-synch;onous generaﬁof_for,diF$erept'values of exciter gain with

normal voltage regulator action and no additional stabilizing



signal. The maximum rotor excursion for differeft values of gain-
are plotted for a tbrue pﬁase shqrt circuit at the machine ter-
minals. It can be clearly seen that the gaheratéf becomes un-
stable for too small and again too large valdes of gain. geven

with auxiliasry valocity feedback signal.

S0 far as rotor first swing is concerned a regulator gain
of 40 seems to be preferable. A higher gain cause oscﬁi}éﬂﬁfy
tesponse. Fig. 5.4 shows that settling time at a gain of 20 is
much smaller than that at a gain of 40 in which case low level
ostillation continues for a larger pefiad.'Howéﬁert the firﬁ£
rotor swing for a gain of éD is not too large compared toc tha
for 40. S0 regulator gain of 20 seems to be the best choice
considering two important figures_of-merit of a system ~— th=

peak overshoct {first swing) and thie ssttlipg time.

Tt
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5.3 Velocity Feedback Signal’

A signal derived from rotor speed deviation is very o P e
tive in damping out systemlosbillations following a disturbandg:
in the #ower system. Fig. 5.5 and 5.6 demonstrates tfis. A thrac
phase short ¢ircuit at the terminals of an underé&bited synchro-
nouslgenerator carrying a load of 31.5% at an operating angle
of 60° was applied. The swing curves and trajectories in velo=-
ctity angle plane show that in absence of velocity feadback
signal the system requires significantly large Yime to return
to the steady operating point. With velocity signal the system

returns to the equilibrium point after only a few oscillations.

The effoct of different amounts of rotor velocity feedback
signal has also been investigated. It is observed that, though

the amount of velocity signal has no significant effect upon

the magnitude of first rotor excursion, its effect upon the

secand and subseguen* oscillations is considerable. A gain of
about 20 has been found to be satisfactory. Too large a gain

in the velecity feedback circuit causes an oscillatory response
and the generator may even lcse synchronism, A gain ;F 20 was
used for the response shown in Fig. 5.5. figure 5.7 show the
variation of different rotor and stator voltages aﬁd currents
for the‘3‘phase short circuit. A time constant of 20 m'Sec vias
considered in the velocity faedséck’circuit and na significznt

change in transient performance was obscrved.

The effect of velocity signal on gther types of systam

disturbance such as different amounts of torque step, torque
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pulsé fbr'ﬁ'éycles, a six cycle three phaée‘Fault at middle of
Jltransm1551on line and switching a parallel transmission llnulﬂ
”\Qas studiedi Swing curves of Fig. 5.8 - 3. 12 show that in ail
ypes of system disturbances the velacity feedback signzl has
a satlsfactory contributicn in damping out the system oscilla-
tions.- Different figures of mPrlt such as settllng time, peak

avershoat etc. are listed at the end of the chapter.

As mentioned earlier, the effectiveness of a solid state

excitaticn scheme; dESlgnEd and constructed in a previous wcr&

was studied for power system stabilization. Slncura high spuead
-woltage regulator reduces efféctive damping auxiliary stabili-
zing signals are rzquired. Because of limited facilities only

a signal derived‘from.rotor velocity of the machine could be
used with the egﬁitex. A pnumber of test cases such as moftentary
three phase short circuit, different amounts of torque ssteps
were considerced. Results cbteined in that study showed that an
excitation system equipped with termihal vcltage feedback and
also auxiliary velocity signal were helpful in controlling

transicnts effectively.

The system considered 1in this study is exactly the same
as in the previous one. Though the types of faults considered
inlthat study could not be exactly simulated for obvious xéasmnsb
the results obtzined in this study indicate response similar
tc those of the previcus ones with te:minal voltage and velocity

feedback signals.
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5.4 Field Curragnt |

In conjunction with normal voltage regulator acticn, &
signal p;gportiohal to the field current deviation from steady
state operating point was tried as a stabilizing signal. It
was observed that a suitable combination ﬁf'ﬁelocity and magni-
tﬁde of field current deviation signal provided énough positive
damping for the system. The field current signal alone and &
combination of velocity and field current deviation {(not mégni~

tude) did not show at all any improvemcnt in transient stability.

Different combinations of velncity and field current
signals wore considered for a 3 phase short circuit at the
generator terminals. Fig. 5.13 is a comparatiuefgtudy of the
different amount of combinations of vélocity and -figld current
signals, It was observed that the best gein for field current
deviation with 20 times rotor velocity was - Uﬂﬁ,?Tobhlarge a
gain makes the response oscillatory and may cven make fﬁa system
unstable. But this combination deteriorates transient stability
for all type of disturbances except a threc phase fault at the
machine terminals. For other types of disturbances the first

rotor excussion increases and settling time becomes greatexr than -

" that with velocity signal only. But a gain of + 0.5 was se@n

fo improve transient stability for ‘all types of disturbance
éxceptrthat for a three phass fault the above gain gives a
;argar first rotofr excussionyithdutdetrimenting Dtherrngnti?igg;z
like settling time etc. This is quite apparcnt from Fig;wﬁiiéﬁ&;c

| * s
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Fig. 5.15 = 5.18 show the effect of field curredt devi-

ation signal on diFFerentAtypes of system disturbantes. The
digturbances considered are 25% torque stepj 50% torgde pulse 3 ...
for 6 cyclas,'é three phase fault at middile gf_tféﬁéﬁissioﬁ

line and a switching-in a parallel transmiSsiDn line: Thé results
for theée.different cases are tabulated a£ fhe end of the

chapter.

A combinaticn .of velocity signal and magnitude of field
current deviation signal showed sufficicnt improvement cof tran-
sient stability over velocity signal alone. Since disturbences.
like torqu? steps etc. effect a shift im the steady field curreﬁﬁ
it is quite e#pected; that this additional signal in the exciter
forces the system to settle at a point different from the cxpec-

ted stable equilibrium state.
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5.5 Armature Current

Auxiliary stabilizing gignal prnpnfﬁioﬂal to tHe devia=-
tioH of armature current chm steady state valie was fad to
the exciter of the synchrohous generator: The armatUre eurrent
deviation signal alone showed no improvement of transient
stapility. But some improvement in transient stability was
observed when the magnitude of the armature current Bigﬁél
was combined with velocity feedback signal for a 3-8 ahb £t
circuit at the generator terminals. Fig. 5.19 shows the,swihg
curve and phase plane trajectories respectivedy for this caseﬁ
A gain of -0.6 was employed in the armature‘current feedback
loop. Foxr other types of disturbances such as torque step,
pulge etc, this combination of armaturs current and velocity

gives rise to unstable situation,

A different combinntiom— + 0.4 times the armature current
deviatian with 20 times the speed~daviatién results in suffi=-
cignt improvement pf transisnt stability.$nr all disturbances
like step, pulsse etc. Different states/gggjectorias are plotted
in Figs 5.20 - 5.23. For a three phase fault at machine tecrmi-
hals this combination of armature current and velocity makas
the system unstable. Thus the armature current deviation sicnal
results in improvement of transient stability for some types
of disturbances and worsens response for others. Since the
type of disturbancé in a power system is unpredictable a

general armature current deviation fesdback schems can not

be used for powzr system stabilization.
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5.6 Torqﬁe Angle

A control derivéd from th=: change of torque angle 63T from
. to the )
the steady operating value was fed/exciter in combination with
velocity signal. Swing curves and phasc portraits for a number
of test cases have been presented in Figures 5.24 - 5,29.
Various combinations of velocity and rotor angle signals were

‘.attempted. It has been observed that best response is obtained

when the gain factor with rotor angle dsviation is i.DD,

As can be seen from the figures, the rotor angle feedback
signal is most effective in controlling the, transients. The iy
géttling time is significantly small compared to that for |
velocity feedback only. For a 25% torque step (Fig. 5.25) the
rotor angle deviation and vélocity combination brings the
system to a stable equilibrium point with simply ane overéhoot
and an undershoot where as with velocity signal only, the

system returns to the equilibrium point with '‘a number of

oscillations.

As in the case of field current feBdback,.the rotor
angle deviation signal changes the nominalrexcitation voltage,
thus changing the output power level. So for various disfurhan~
ces like torque steps; pulses, switching-in and out of tran-
mission lines etc. the steady operating point gets shifted

from the deeired equifkibrium points,
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5.7 Qomfarotive Study of Difflromt Stabil izing Signals

The zffects of verious stabilizing sigﬁals on different

. types of system disturbances havec been discussed in tha_préccoding
. .sections. The differcnt figuros of merit such as maximum swing,

.settling time cre given in Table 5.1, Swing curves for differont

types of - disturbances for all tho stsbilizing signals attemptod

are shown in Fig. 5.30 - 5.34. It is sbvicus that addition of e

stabilizing signal derived from rotor velocity effects sufficient

Amprovemsnt in transiant psrformance over voltage razgulator actian
alone, Further improvement can bu obteined with o suitable cnm-—
bination of velocity signal and mzgnitude of field current devia-

ticn signal and alsno with & suitable combinaticn of valccity

signal and torque anglz dﬁviation'signal; In both cases the steady

state cperating point shift from the expected apersting point for
disturbances like torque stoeps mte. This is of no problem sinco

steady state operating pedint con bu adjusted easily.

- from ., an inspectizn of the swing curves for different
Faulfsland d;sturbancas on the system it can be seen that a
Qelbcify 5nd fator angle fesdback signal combination removes the
frahsients mest effectively in comparissn to any other stabili-
léing signal, However, the change in steady mperafing poinf is
mé£imum with this combination, Thnugh for disturbances like torque
steps ctec, thc nuxt best combinatiaon is.uelﬂcity'énd armature
é;reentuduviatich,rthis can nct be used as a stabilizing signal
in ggne:al since it pruﬁides.positive démpiné for sﬁME £ypc of
disturbances and negative damping for chers; THmugh the settling
tific increases with the ficld chrent aﬁd velocity combinaticn
siéﬁal.it is guite satisfactory in termé of shift of the steacdy

operating pbinf.

. -
et
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Type af
disturbance

Stabilizing signal

First rotor éettiing'ﬁihal.rntéf

excyrsicn

time |

angle

( deg.) . ,(SGC:),; ~ {deg.) |
a) VDthééﬁreg,only' 75.0 10.5 60
b) n 75.1 - 3.35 60
1,38 fguit c) n+ pn’ 74.5 3.3 60
at 60 ) n e iy 79.8 2.4 60
e) n+ ]Aial unstable - -
f) n+ A 73 1.1 59,4
a) Voltage reg.only 56.5 10.0 45
_ b) n 56.3 4.3 45
2. 8- fault c) n+ pn? 56.3 4.3 a5 -
at 43 d) n'+ JAi ) 62.5 3.2 45,2
e} n+ Al unstabla - -
) n +AD 55.4 1.3 ad.x
a) Voltage reg.only  T71.3 12.0 58
‘ | b) n 66.1 3.85 58
3. 22%4§§Gp c) n + pn2 66.0 - 3.75 58
d) n o+ Qi) 5546 0.9 53.6
e) n +]£5ial 52.4 0.8 51,1
f} n+ Ad 51, % 1.1 50,2
a) Voltage reg.only  88.7 12.8 65.8
4 .40% sgep b} n , 78.3 3.15 65.8
at 45 €} n + pn . 78.3 3.1 65.6
d) n+)ai,,] 60.6 1.15 57.
e) no+ AL, 55.8 0.9 53.9
f) n+ AD 54,9 0.65 52.7.
a) Voltage reg.only  64.9 9.8 60
. b) n ' 63.4" 1,65 60
> ;Efsgmzfuguo c} n o+ pn2 63.4 1.60 60
pul 0° @ A+ AL 4 1.6 0.¢ 60
for 6 /s e; n : kii;?‘ gi;g ITES gﬂ
f) n+ 4 61.6 0.45 59.9 .
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B

Armature. current= U.4

Targue angle

= 1.0

Type;af -Stabilizing signél 'Pirst rotor ‘sEtfiing-Finai rotor
disturbance ' ‘exﬁursimn “time angle
| (deg.) (Sec..) (deg.)
) e 27
a) Voltage reg.only  77.9 11.06 60
b) n 72,1 3.45 60
_ . 2 -
6. S5U% torque _ c) m+ pn 71.8 3.45 6
pulse at 6G° d) n + Jﬂide 65.4 1.65 60
for 6 e/s g) n 4 Jai, | 66.0 2.1 64
f) n+ Ao 65.7 0.6 59.°¢
a} Voltage reg. only 99.0 12.2 60
40 b) n 85.1 4.3 6]
7. 1Ud% torque 2 , 1
sulse at 60° c) n+ pn B3.7 4.3 6.
for 6 c/s d) n o+ |Aic] 71.6 1.75 6i
e) n,+j¢&ig\ 69.8 3.35 6::
&) n+ Ao 71.2 1.1 59.¢8
- a) Voltage reg.cnly 109.3 12.0 60
. N : n]
8. 3-8 fault b) n , 95.1 4.5 61
at middle c}) n+ pn 95.4 4.5 60
of line d) n o+ Al 81.7 3.35 60
e) n + 1AL B6.5 3.55 60
f) n+ Ad 77.8 1.2 59,0
) a) Voltage reg.only B.1 11.0 33.5
§. Parallel .. b) n 19.5 3.75 33.5
transmission c) n 4 pn° 19.4 3.7 33.5
line switched .
on | d) no+ {Aig 15.6 3.25 33.6
o) n o+ Ay B.2 1.75 33.4
f} n + Ao 45.6 0.65 47.9
Table 5.1 Results in Brief.
Gainss Regulator =-20
‘Velocity = 20
Acceleration = 10
Field current = 0.5

s
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5.8 Effect of Time Cofistants and Ceiling Voltage

To study the effect of exciter time boﬁstaﬁ% and the
ed8iling voltage on transient perfofmance of the power system
a six cycle three phase fault at the machine termirals wss con-.
sidered. Fig.'5;35'5how5'the swing curves fbf different exciter
time constant. A larger time constant of exciter deteriorates
the transient response and in absenﬁé of adequate stabiliZzirg
sighal thé system may become unstable. However an auxiliary.
stabilizing signal may offset the detricration of responsé gue
to introduction of largé time constant in the exciter. Thouch
the system may remain stable in such cases; the first rotor

execursion increases and settiing tim2 may also become larger.

A small time lag is inherent in terminal voltage feedback
circuit of thec rectifier excitation system. A larger time cons-
tant in the voltage devietion sensin;_although shows some
improvement in the case of a three phasc fault at machine ter-
minals, it dstoriorates transient stability for other types of

. disturbances on the gystem.

The excitcr :Qiling voltage is of significance undér;
conditions of large disturbances wherc the gain and time constant
permit the ceiling voltage to be reached. The transients due to
a disturbanceé would be controlled more effectively ifisthe exciter
Volfa@é’couldgBe'increased\to a large value, But due to phyeical -

constraints; the exciter voltage can not be increased indefini-

fEIyt Fiﬁl S}S%EShows the swing curves for twod differcnt ceiling



voltages viz, 2 p.u. and 4 p.u. A highsr ceiling voltage gives
a smaller first rotor excursion and an improved damping. A
negative exciter ceiling veltage shows no significant improve-

ment in this casc.
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B — WITH VOLTAGE FEEDBACK ONLY.
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CHAPTER 6

CONTLUSIONS

6.1 Summary and Conclusions

A synchronous generator connected to infinite bus through
a transmission line have been representsd by a set of first order
nnn linear differentiel equations. Thess equations sepresent tho
system completely under any conditions - steady state ant “ran-
sient under b;lanced three phase operation. These equations
contain coefficients which depend Dn'parémeters such as in. rctis
constant, resistance; self and mutual inductances of difforent
circuits of the synchronous machine, resistance and reactance

of transmission lifn= etc.

Various tests were performed on & laboratory machine o
fiqd the different synchronous machine parametersm D.c. meacure-
ment of inductances was prefered to conventional a.c. bridg:
.iuthod since, as discussed in section 4.1; the inductance which
govern the machine behaviour is‘that to direct current. for
measurement of large inductances such as sclf inductance of
field coily mutual inductance.betwean stator and field a sturags
oscilloscope can be used as the detector in the d.c. inductance
bridge}ﬁFD; small inductances such as direct and guadraturs @xis
synchronous inductance a ballistic galvanometer or a flux mtar
should be used as detecteor. Due to nonavailability_o? these
instrumentsdirect and guadrature axis synchrdnaus inducteanc:s
WeTre ﬁéasured by slip tes£. The inmertia constant of the synchro-
nous machine was moasured bylretardation test whiph is mrre

precise than the usual dynamometer method of measurement.
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Power system computaticns are generally done in per unit.
As discussed, thera-is no unique system for per unit ¢onversion
of quantities in the case of fotating machines. A comparative
study of different per unit systemsxhéve been carried out oand
the unit voltage basz systam was found to be suitable. This

system of conversion was employed in this study.

A mathematical model of the electrinic excitation systam
is developed. The transfer function of ééch block of the excita-
tion system was found from circuit configuration and compared
with experimental results. A simplified rgpresentation énd an
Dverall transfer function of the excitation éystem was derived.
The effectivenéss of the exciter far power system.stabilization

have been studied,

Excitation control offers one of the best methods of

reducing transients in a power system, But a high speed_vcltagé
;eguiatnr deteriorates system stability. To imgrove;traﬂsient:_
perfarmance with such an excitation systcm additinnal stabiliiiﬁé
'signals'ere required. Search for different stabil;iing Signal;
have been carried out for a number of disfurbances_in the system,
A signal proportional to shaft speed déviation stabilizes the
transient disturbances quickly. This is in agrcement witﬁ the
resu;ts obtafﬁed"expsrimentaly in' a previous study. Additiansl
damping‘hayube obtained if signals perorfiunal to field”cu;rent
deviation or torque angle deviation is used in conjuncti@ﬁuwithA
velocify'éignal. Considering all the figures of merit-such;rs

peak nvershoot; peak time, settling :time etc. The torque ancgle
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deviation signal in combination with rotor Gelbcif& sighal
exhibited best transient improvement: The field eutrsht devie-
tien and torque angle deviatinn signal alone showed poor damping
characteristics. Application of acceleration signal shDQed
slight improvement of transient stability: It was Db;erved that
_ . .
for disturbances like torgue step, line switchiﬁg ete, the
Aadditiunal stabilizing signals has the effect of shifting the
operating point to a new value after the disturbance has ceased.
This is quite obvicus because of the fact that the additiocn
of torque angle and field current deviation signal in the
exciter change the excitation level of the system causing =
permanent shift of operating point. Maximum shift of cprrating
point occurs with the torque angle duegiaticn signal. The armesturs
current deviation signal can not be used for stabilization
because it praovides pasitive damping fur some disturbances anc
neqgative damping for cthers. The combination of varicus feed-v
back signals for best transient improvement for different cis-

: L
turbances were obtained by a number of trials.

The effect of chaﬁge of varinus parametcrs aof the excitar
have also bewmn studied. The exciter gain has a very significant
affect on first rotor excursion., For a particular type of
disturbance, -an optimum value of exciter gzin can be detarmiﬁed
from first rotor excursion énd transient climinatimﬁ vieswpuint.
Deviation of exciter gain from optimum velue results in deterio-
ration of transient stabilifya The exciter time constant heas

significant effect on transient stability in absence of additicnal



=106~

stabilizing signal. If the exciter time censtant is large, thé
system may even lose synchronism for scme type of disturbances.
Additicnal stabilizing signal fosets‘this deterioration |

- introduced by large time constants. The exciter ceiling

voltage is of significance under canditions of large disturbancé?'
First rotor excursion can be minimized by driving the exciter.

to a higher ceiling voltage resulting in improved cverall

transient performance of the system.

6.2 Suggestions for Further Research

Further areas of investigation include the search for
suitable stabilizing signal considering governor and pfime
mover dynamics and damper winding in ¢Hﬁ'system represénfation.
Transmission line representation gheuld include distribﬁted

capacitance.

Stability study of multimachinz system is of major impor-
tance, It is obvious thet the amount of work in such a study
will be tremendous. Realization of different stabilizing Signalé

for "on line" application should be attempted.
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APPENDIX=I
The data for the single machino infinite bus system was
found fraom experimental study. The sysfem configuration is
given in Fig. 5.1,
Machine rating 1,% KVA;238 VYolts
)(afd = l.D H =-2.4 5(“.1
- p ]
X = 1,05 r = 00,1134 N
d a
X = 0.558 . x = 1.56
q e
Teyg = 0,01542 re= 0.0425
Xepy = 1.195 ft.;: 0.02 Sec.
The operating points considered &are
1) dpg, = 132 V. = 8.74 - o
i, = 0.2986207 o Efdo= 1.2 |
i . = 0.324558 - e, = 0.,862307
qo to _
. £,
3 = 60° P = 0.315751 LN
0 : 0 SR
2) iego = 1.2 _ v = 0:,74
i = 0v264974 gy = 0,922152
qa to
3 = 45° P = 0.264947



APPENDIX-IT.

- PROGRAMS

1. LINEARISATION OF SCR CHARACTERISTICS

2. CALCULATION GF STEADY STATE'GFERATING_PDINTS

e
o

3. TRANSIENT STABILITY STUDY BY RUNGE KUTTA IMTEGRATION
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// JCE UET9120¢ SARCJ BISWAS STABILITY PRUBLEV

/7 CPTION LINK,LIST

// EXEC FFCGRTRAN
C- SYRETCHFT LTINE APPROTMATION GF CR CHARACTEKRT STICS
( o,

CIMENS ICN SC tl, ALPFALZ¢),EFDU 3 T)

Rz
REAC(1y20) C14C2yC44D1,02
20 FOFMAT{EF1IC.E)

STR{1)=G.C

CO 10 I=1s24
SCRITI+13=SCR{ 1]

145.C
ALPHALTI=SCR{Ixz.]
C2=Cc41ALPEAL]Y) -

cltec/TECL L

I0 C4=C44ALPFATT 1% % ¢
LC 11 I=1y1CZ

EFCTTI=T. 85 {1 (H+COSCALPRALT) })
Cl=C14€EFCILT])

IT Ce=Le+ErL{IIxELPHA({T)
L0 12 I=14,=¢

EFC (I 2. SCaF [T CICOSTALPRATT TV /T . TAI5SZ=ALFH AT
C1=CI4EFC(]}

12 Ez=Le4EFLUTI=ALPFACT)
EFCL{Z27)=C.C

CENOM=( I* (4-Ce* L ¢
PO=(CI*C4-CexL z ) /DENOM

2I1={CI*Le—CI*C 2 ) /DENUM
WRITEL2, 1€) (SCR(UIDSEFDII}1=1,37)

18 FOEMAT (F1E.E
WRITE(Z, 1G) ACyA L

19 FCRMAT{«F1C.t
CALL EXIT

- ENL
R

/7 EXEC LNKELT
/7 EXEC

27.0 G.(C C.C C e € Ce.C
/* )

/'t

it R

N




«110-

// JCE UET912C¢ SAROJ BISWAS STABILIIY PROBLEN

// CFTICN LINK.LIST
// EXEL FECRTRAN

C JOBE S12G€ SAROJ KANTI BIShASHBLET,DACCA
POWER ANCLE CLRVE

SYSTEM PARAMETERS IN THEIR LSLAL NCTATICACS

e Nalle

11 REAL(1+21) YDy XQyRASRE,IELJAFD,YFFD sRFD 4V 4 TH EFD
21 FGFEMAT{11F7.5

W=214.156¢
LC={ (XAFCEXAFL)-(XFFD*()D+2E)) ) /n

CC="IXC+XEI/W
L7={RE+RA*XFFD/DD

A8=-XFFC*{XE+XQ) /D0
AS=XFFELxv /LL

A11=XAFC/QQ
Ale=—(XL+XE)/QQ

A12=-{RE+RA }/QQ
Al4=-V/QQ

AlE==XAFC/TM
Alé= (XC-XQ)/TM

A19=(XE*RFL*=XAFC}/{ w%DD) -
AZO=RE4A(XE*YFFL*(RE4RA) DI/ +20D)

F21=—(IXEXXFFOX(XE+XQ)) /UL W*DD )+ DE)
AZ2=—-{XEXRFLCI/{W*L0)

AZ2=V+({XE*XFFD*V)/{%=DD))
AZ4= (XEXXAFL )/ (W*QQ )

Pe8=XE-({XC+XE}=YE/{w*QQ})
AZE=RE-{XEX*{RE+RAN/{W*QQ))

Az7=V-(XE*V/(W*QQ))
L28=V/ (XCaXE)

AZ9=VEVE(Y[—XQ)/L{XD+XE)*{ YQ+XE})
FI=EFC/XAFLC

CENGM=ATE®ALZ-pERA] ¢

53 CLEL=CELTA/IEGC.C*Z.T415¢z
CS=COS(CEL)

SN=SIN(CEL) _
CI1={FI*AE%A114AE%A 14%CS—AS*A13% SN} /DERCH

Ql=(AS®ALZ*xSN-F I*AT72A11-AT*AL4%C L) JODENCY
EC=219%FI4AZC*CI+A1*QI+A 2 2¥EFD+AZA%EN

EQeP24%Fl4AZE2DTAAZE2Q] +A 212 S
ELC=EC**2+4EQ%% 2

ET=SCRTIELQ)
POUT=(FI% A4 1€2C1)%QI%(—TM)

P=CI*V&SN4QI*V%CS
CO=EQ*CI-EC*Q1

C=Li*V&CS-Q I%Vx 5N
POWER= { Az EXEFCxSN+A G EN%C $)

WRITE(ZyBCICIaQ14EQEQET+PCLT+PORER JDELTA+GCC o€ 4F
BO FCERMATITF 1z 484 FEL]y2F11.¢€)

CELTA=CELTA+E.C
IF{CELTA-18CLC) £3,£32511

ENC
1%

f/ EXEC LNKELCT




 eifle

N1V ZECN—-FDB-459C - ¢ MAINFGM CATE 16/05/77 . TIME 12.C
C JOB €120¢6 SAROJ KANTT BT SwWAS,BUET,DACCA
C TRANSIENT ANALYSI S GOF PCVER SYSTEW
c SOLUTION BY RLNGA KLJTTA METHCD CF INMNTEGRATICA
C STEP SIZE TS C.CC5 SECOMNDS
C

G IMENSION VO(?);AP(ZQ]1AFC(2911Y(7}1Al?9),YY{7):FKC(7 S1,CY (7}
DO €7 N=1,1

DO ¢ L=1,F%

3 RKC(NsL}=Ca.(

INITIAL OPERATING CONDIIICNMNS

pNelleNa!

Y*S REPRESENT SYSTEM STATES EDY'S ARE INCREMENTS

READ{ 195‘:.} EO,E 10!DTv(YC(I) -,I=l 17]
FORMATI3F1(C.&/0F1C. 6)

TIO=SRRT(YO(2)=Y0(2)+Y0{3)#Y((3))

[aNella

SYSTEM PARAMETERS IN THEIPR USUAL NCTATTCANS

34
24

READ(1,24) FD 20 2FA LRE 4 XE +XAFD XFFD,PFD,VEUS,TN,TIR,K
FORMAT(11f 1.5,12})

CALCLLATION OF CONSTAMNTS CF DYNAMIC EGUATICAS FCR FAULTEL ANC

FALULT CLEARED CONDITICNS

I 2limNalleNe!

AF' SAND AFC 'S REPRESENT CCNSTAMNTS AT FAULTEC &EFAULT CLEARELC CONCITIUNS

W=314.15¢2

DO=( ( XAFD*AFD)-( XFFOD*( XD+ XE) }) /¥
Q0={ YQ+XE} /¥

AF{ 1)=RFD=*{ D+ xE) /DD
AF({Z)1={RE+RA) *>AFD /DD

AF( 2)=-{ YE+ Q) *)AFD /DD
AF{4i=XAFD*\BL /DD

AF(E)=(-RFD*{ XD+ >E) ) /{ XAFD %DD)
AFL ¢)}=RFO*XAFD /DD

AF{ 7)=(RE+RA ) *XFFD /DD
AFLE)=—XFFOD*{ »E+ XQ) /DD

AFCS)=XFFD=\B L £/DD
AF(1C)=—RFD /DD

AF(11)=XAFD /QQ
AE(1Z2)=-(xD+>E) /00

AF{ 12)=={(RE+RA) /QQ
AFl14)=—\VBLE/Q0

AF{ 1S)=-)>AFD /TM
AFLIEI=(20—>Q) /1M

AFL131=TIN/ ¥
AFL1E)=2314.1562

AFL1S)=( YE*RFD*YAFD) /{ w2DD)
AF(ZCI=RE+{ XE=)FFD2(RE+RA) )/ {W3DD)

AFLZ1)=— ([ XEXXFFD={ XE+XC) 3} /{ w2DD)+XE)
AF{ 22)=—{ XE*RFD) /{ v*DD)

AF{Z23)=VBLS+I{{ YE*XFFD*VBLS) /1 w*DD})
AFL 24)=( XE*XAFD) /(¥ 20C)

AFLZE)=XE-( L XD+ 2E)*XE/{ ¥%CC))
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4 1V ZECN-FO—47CS 3-¢ MAT NEGF CATE 16/05/17 TIME

12.0¢

AFLZE)=RE-{ XE#{RE+RA) /(¥3CE))

AFL 27)=VBLS-( XEAVBLE/({RACE))
AF(ZE)=—VBLS/(IM3( YD+ XE))

AFT26)=—\BLEAVBLES{XD-XCQ) /({ XO+XE} * [XC+XEIHTM)
IF(K.EQ. 2} GO 171G 21

1€

DO 1¢& I=1.2%
AFCT{1)=AF(I)

GO TO 24

aNellal

GAINS AND TIME CONSTANTS ARE GI VEM

READI[1¢62) GVOL +G VEL +GACLGFLD,GCUR,,GREG+T1,T24 EFCMX, NN

 FORMAT{ SFEL4,TIE)

IFINN JEQ. £ )} GO 10 22
IF{NN LEQ. () CALL EXI1

4¢

WRITE( 2,4£) .
FORMATL LHL o SX 3 "FI" s TX 4 'DIY oTX 3P QL o TX +PELY W TX s YECY,TXy YET 1, 6X,

2YET1', EX' AN',EX,‘EFD',BX,'\DEV',TX1'ACCL’,5X,'EE1Tﬁ',6Xp'TT'/)
1=(

M=
T11=C.C

€4

DO &4 N=1,7
YINI=YO(N])

(o]
L

DO €5 N=1,2¢

EAIN)=AF{N)

GO 10 £C
DO 7€ N=1.2€

PN Y]

L N (Y

ATN Y=AFC (N)

O OVOY

LIMITE OF CEILING VOUTAGE

ac

1F{Y({ &) .GE. EFDMX) Y(6)=EFDNX

Y4=1.C+Y( 4)

ED=ALLS)ISYULI+A{2C) #Y(2)+A(21) #Y(3) 3Y4+A(22) %Y (61 +A123 )5S IN{Y(S))

EQ= lA(?ﬁ)*\(l)+A(25)#Y(ZIT¢Y4+A{263*Y(3l+ﬂI27)*CCS{Yl5])
ERQ= ED*%*2+EQ#%2

E1=SQR{EDQ) .
ACCL= A(1J}+IA(ZEJ*\(6I+A{2914CCS(Y(5])I*SIR(Y(5J}

VERROR =E 10~ Y{ 7)
DDEL={ ¥{ 5)-Y0! 5)) /¥O(5)

TI=SQR T YL 2 #Y( 20+ Y(3} 2Y(3))
CLRR=(TI-T103) /110

ECLR={ Y{ 1)-Y0( 1)) /Y0(1)
1F{1 .17T1. Z4) VERRCR=C.C

STABILIZING SIGNALS ARE AFFLIED

QO O

EE= VERROR+G VEL *Y{ 4} +GACL*ACC L#ACCL

2¢

1F{ 1-M)} 1542(C,1%
M=M+2(

IF(L LT, BCY M=pM—12
VCEv=(ET-E10) /E 10

DELTA=Y{ €)#1EC.(/3.141592
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J

1v

ZECN-FO-47S 2~ ¢ MAL NEG N CATE 16705777 TIME 12.C1

WRITE{ 3, £8) ‘(1)1Y(2’1Y}3),EDQEQ’ET!Yf?)19{4)!Y16)1VCEV§ﬂCCL1

¢DELTA,TT

- EE FORMATU IFS.2,45F11.4,4F7.2)

INTEGRATION LOOP STARTS

"ol o

DO _€C L=2,5

001=DT/2.
1F(L .EQ. £ ) DDTI=DT

DO 17 N=1,1 )
YY(N)=Y{N}I+RKC(N,(L-1))2DDT

YY4= 1. C+NY( 4)

CALCLLATION OF RLNGE COEFFICIENTS

RKCLI,LI=ACT1Y#YY(1)+A(2) AYY(2)+A(3) 3YY (3) %YYL+ A (4)=S IN{YY (S) )+
AL EYRYY( &)

RKC{ 2+L) A(61*\\(1!+A(7]#YYl2}+A(8)*YY(3)*YY4+ﬂl91*SIN{YY(‘]!
cHALICIXEYN( E)

RKC(3,L)= {A(lI!*YYi1}+A(123*YY(Z)!*YY4+A(13|*YY(3]+
eA{4)%C0 LYY 5))

RKC(41LI—AI17)+A(28)*YY(6)*SIh(YY(Sl)+ﬂ(29)+5]h(YY(5)i*CCS{YY(‘l)
RKC{ E,LY=AC1E)Y2YY(4)

eC

RKC{ €4L)=(GREG*EE-YY{&}+EC(C) /1L
RKCU{ I, L)={GVOLAET-YY( 7)1 /T2

DO 1€ N=1,7
DYINI=IRKCIN 2} +2. 3RKCIN 3342, 2RKCAIN 44 I+ EKC {N45))*(T /6.0

NEW VALUES OF IYSITEM STATES

1€

Y{NI=Y(N)+DYIN)

T1=11+4071
[=1+1

TRANSTENT BEHAVIGLR 15 STLDIED FCR FIVE SECOACS

IF(TT1-€.) ES,2],21

as

TFIABS(Y{E)1-1C.(} 100,1CC466

OO

A S1» CYCLE FALLT 1S APFLIED

1CC
(4

TF{1-24) EC4+23,E(
KWRI1TE( 3,971}

11

FORMAT( //2CX33(HTHE MACHINE LCSSES SYNCHFCMNISWM)
GO 10 21

END
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