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AB 5T RACT

A dynamic modol of a aynchronous generator infinite bus

syatem with a aolid state exciter system has been de0eloped. To

get ~n accur~t8 machine representation przcision me~sur8m~nt of
different synchronous machine parameters have been attemoted.

The tranafer function of the different blocks of tho oxciter viz.

adding" rectifing; sensing circuits, comparators; invertE,rs etc,

has been detormined.

A d.c. inductance bridge is used for mcaSllrem£'nt of rnaching

induc'tanCeswhic'h eliminates possible errors in common a.c.bridgo

nlGasu,reml3nt. Tho ine,rtia constant of the machine is measured by an

all "l,ectri,c ,method -by retardation t8st rothor than the usui31

dynamomoter matheed oof maasuremont. A cumparativ8 study of the

different por unit systems has beon made and the "unit voltogo

baseft syatem is found to be relativoly simple,
Tr~-nl applic atiD n .vi 8WpDi nt ..

and ~:";8SY

Thosi nglemach ine infinite bus system he'S ;bee n simu 10'0ccd

oh a digi'tal COmpiJt8r and tested for different typ,es of fOUJ,08 00

it, bo't'h with and without addi ticmal st abilizing signal'8. 5ir]na18

J8rived from diffe'rent 'System 'states are fed 'tc the exciter i'n

edilitio,tl to theno'rmail voltage regu1atcr action. It ,is c,bs,"rved
tmrtent

that signals derived frGmf,ield/andtoTq"''' 'angle cievi'ati,Jo3 sontc'CJ}

velocitydeviatio,nsignaL With 'xotpr velDcity si,gna1 alen.", the;

results obtainod ,ore in agreement with those obtai,ned expL';::,i:.lent;lc'

Th" effect of variatio'n of different paramet'ers o'f thee

e'xclter on power system stability are also ,investigated,.,
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• CHAPTER 1

IfHRODUCTION

"

1.1 Representation of a Synchronous Ganerat~r in a P~wer System

Modern power systems are highly complex with large number

of interconnected synchronous generators. This interconnection

although ensures reliability of electric power supply, rOlses

a serious problem that transient disturbances may propagate

from any part of the system to the rest of the network rbsul-

ting in loss of synchronism of some Or all of the machines in

abseHce of adequate safeguard. For reliability of power SUPPIY'Q~
the power system must be stable, under both transient and steady J

state conditions ,of which transient stabdlity is of major im-

portance. Detailed and precision study of transient stability

of the system needs complete and corr~ct system representations

which again requires an accurate mathematical model of th'e

dynamic behavior of the synchronous machines. Moreover, in

recent times some kind of control, mainly in the exciation

system. are applied to increase the transient stability limit.

To determine the effective control signals which may be applied,

an accurate system representation is essential.

The conventional methods of system representation exclude

the rotor circuits of the synchronous machines and obviously

the results do not represent the exact characteristics. Modern

trend is to include all the rotor circuits. including the

damp~r winding and any other circuits on the rotor (if pr~Eent),

, \
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in the system representation. Instead of representing the syn-

chronous machine as simply a voltage behind trans~ent reactance

as in the convsntional analysis, it is looked upon as a couplatJ"c'

assemblage of coil's - th'ree on the stator and two or more OrT"

the rotor.

The dynamics of a synchronous generator equipped with
, [12.31voltage regulator can be derived from the Park's equatlons' '~,

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

of first order nonlinear differential equations:

(1.1) \', J

The state vector X comp~rises of different flux linkages or
~--' ,}-'.'~-~l

.'."

currents, rotor angular position, velocity etc. and u is the

excitation voltage. The vector function f depends; among

other things, on the different parameters like resistance ~nd

inductances of rotor and stator circuits;,machine inertia 2tC.,

all of them except the inertia constant being measured at ths

m~chineterminals when stationary. The accuracy of system

representation will depend on the accuracy of measurement of

different parameters.

Measurement of these parameters should be done under

condition which are close to the actual system conditions in

normal operation. Different types of bridga 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. bridge
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methods. Another m"ljor.problem in a.c ..bridge methods is with

the measuremen'ts in the short circuit?d :dompeT \iJinding which

is physically inac=sssable but ,acts 85"S sblort circuited

secondary of a tr8nsformer. This :causB8 appreciable erro! in

the measured stator and rotor par2metars 81so. But the d~mper

windings are known to improve stability 3nd SO~ for simplicity;

it is often excluded in stability. studios.

Powar systGm computations Ar8 usually dons in p~3r unit

rather than in actu81 volts, ohms etc. dU8 to inherent adVBn-

tages of per unit system. But unfortunBtely. like static system

h t +' +h. . [,.1) + t tsue as rans, armer -' ere lS. no unlque eys ..2m 0 conV8T_.

the actlJal parslnetcrs of synchronous machine, mainly the rotor

circuit quantities into per unit quantiti~~. "rhis is due to

the fact that the i1turns retial! .38 commonly usod in the case

of transformers has" no unique definition in the CAS~ of rota-

ting machines.' For simplicity and 8258 of computation, a

suitable system of conversion should be sGlected.
-,. "

1.2 Power System Stability and Methods to ImprOVE Stability
", I'

POWfn system stability, d .. d b 1(. b. . ,nJ .2.9 etlne . y lm aI't< , lS a

term applied to alt8rn~ting current aloctric power ~ystem~,

denoting a condition in which thf~ 0~rious'synchronous machines

of the system rOiTIoin in synchronism or 'in stl~pr with o,.:lch
. ~- , .

other. Conversely; in.stability denotos ? condition involving

los,s of synchronism- Or falling lout of st"SP I. Dep:.;nding on the

.magnitude and type o~ disturbances~ power system stability

:, '



may be classified into three types. TI 8S8 are described b81'ow:,

Steady state stability is th8 atility of the ,

power SY,'3tGm,
to maintain poweV' transfer OV8r the se stcn without loss of

stability or synchronism when the? mognituc'e of pOW8r transfi,'r

is chang8d gradually It ~s assumed Hat th8 increase in po(,er
i

outpu~ occurs slowly cnough to allow the regwlating devices

to respond with thsir steady state ch'racteristics.

, i

Transient stability is th~ abi:ityof power system to

maintain stability for a sudde~pact on the system. 1-1: is

assumed that the regulating devices do not have time to function

during-tha transiant period.

For a machine with a continuously acting voltage regu~atc~
I,

and governor, negative feedback is in1roducod so that the pO~2r

and vdltage differences which may cause machine instability ~r8

constantly mOnitarad and corr~ct8d. I~ this way, the load can be

increased b~yond the ordinary steady .tato limit to a new power

limit, called the .ivnamic stability limit. The c1ynamic stability

limit depends primarily on the parameters of vcltage regulator

and governor.

The swing equation which gov8rn~ the mechanical oscilla-

tion of synchronous machine can ba written as

. ,

+ D do =
dt P. - P

In 0
(1.2)

where the output power P is a functicn of machine internalo

voltage and hence the extitation voltage and also transfer

impedance between the machine and the receiving bus, The right

handside of equation (1.2) represents the accelerating power
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P • At steady state P must b~ Zero while the tO~ot ahgie anda a

machine currents are constant. Th'e.known methods of controlling

the accelerating power Pa are changing the transfer admittance;

controlling the mechanical input which is not very effective

and co~trolling the field excitation of the synchronous gen3-

rator. The last approach of stabilization will be considered

in detail.

l.3 :lisLOrical Development Of Excitation Control

The history of e~6itation control of synchrono~s ~achines

dates back to 1924 when a group of engineers published a paper

stating that excitation control is one of the ways to improve

stability.Upto 1948 excitation was mostly provided by s.haft

couplad d~~. machine ~ith an electto~echanical de~ice to

control its field excitation so as to keep the terminal voltage

constant. Amplidyne rotating ampli fiers ',Jith a gain 0f as high

a~ 106 was introducedd~ring this petiod. Though the perfor-

~anca of ignitroil tube exciter. introduced during this period.

was good~ it was not used widely due to its higher capital

and maintenance cost; Brushless e~citer consisting of a.c~

generator with rotating armature and silicon rectifiers were

used in small installations {n the fifties. All these excit~rs

had the drawback of low ceiling voltage (1.3 -1.5 p.ll.) and..
slow speed of response (abo~t 200 V!Sec) and wereaf li~ited

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 exciters; operated from

~e~~i~al voltage of the synchronous machine. These exciters

we~e very fast in response; have high ceiling voltage (4-8 p.u.),

and high rate of voltage rise

speed voltage regulators hava
(2000-3000 V/Sec). These high

. (6 7J .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 angle

excursion; thus increasing transient stability. The ~econd

is the deterioratioh8;9]of machine damping resulting in dynamic

instability. In certain situations combined characteristics of

of load; generator; exciter prime mover result in significantly

reduced damping causing sustained oscillations that cease when

the voltage regulator i~ switched to manual.

Fortunately; the excitation system can be used to incre8se

damping rather than reduce ~t and this requires an additional

stabilizing signal to' tHe voltage regulator. The use of rotor

velocit~7;10Jand a "continuous judicious combination" of

velocity and acceleration[ll)has been suggested as the stabi-

1". . 1 A . . d ft' t J121~z~ng s~gna. s~gnal der~ve rom elec r~c power ou pu •.

of the machine has been used successfully to improve transient

stability. Jone!13] and SmitJla] considered the problem of t.riln-
~ -

sient removal with bang bang excitation control. A quasi-

opt,imal excitation scheme is also searcheJ1s1 for "online"

excitat:con control for power system stabilization.
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1.•.4 Scope of 'Thesis

I . .... f16J
n a prev~ous study ; the performance of a solid state

excitation scheme for. stabilization of a single machine infi-

nite bus system was studied. The introduction of high gO'iT',.

exciter with the synchronous generator redUCes the effective

damping of the system; requiring additional stabilizing signals.

Because of limited facilities; only feedback signal deriv3d

from rotor velocity of the generator was employed for stabi-

lization. Evaluation of the scheme with other stabilizin~

signals need a Correct and precise determination of the syn-

chronous gancrator - excitation system dynamics.

To determine the dynamic model of the synchronous generator
the different parameters Df the synchronous generator such

as resistances; inductances and inertia constants were measured

as precisely as p~ssible. The input output relations ~f th~

different blocks of the excitation scheme designed weie deter-

mine~' and were ihco~porated with the machine equations to give

the overall system dynamic equations (1.1). The system was

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. It

was observed that feedback signals derived from suitable

combination of rotor velocity and torque angle was very

effective in removing the power system transients.



CH/;PTER 2
~YNCHRUNOUS GENERATOR AND TRANSMISSION SYSTEM MODEL

In this chapter th'"voltage and flux linkage relations of Cj:.

synchronous generator derived from Park I s equations Clre given in.••

a state space fC'rm. The various machine quantities are expres8ec(

in terms of pur unit stator quantities by a.suitable "turns rat.,,,"

discussed later; the generator swing equations and flux linkage

relations are than combined with the transmission line equati~ns

to arrive at the dynamic model of the synchronous generator

infinite bus system. This in addition to the excitation systs~

model developed in next chapter gives the; complete system. mode.L,

2.1 Synchronous Generator Voltage and Flux Relations

An apprach to the analysis of electrical machines is to

regard ev,ry machine as a coupled assemblage of coils, some of

which are in relative motiOn. In this coupled circuit apprach,

the three phase synchronous machine is represented by three

stator coils, the field coil and the amortisseur windings. The

formulation of the machine equations for the prediction of i~8

performance characteristics uClder any condition of operation

require~ the determinetion of its parameters. These parameters

are determined either by solvingths eloctromagnetic field

problems of the machine by using Maxwell's equations or from

various measurements at the machine terminals.

The most basic equations for a synchronous machine are the

differential equations for the] stator phases and rotor coils

relating voltages, currents and fluxes. But unfortunately these

equations contain parameters which depend
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problem. The usa sf Park's transforme,tion eliminates mUch of

the difficu~ty end the s~t of equations can pe r~~i~c~~by
"another BBt of time inveriaht reiations.

In th~ PMrk's transformation all the armature currents,

voltages and flux linkages are resolved onto a two axis' i'e .••.

forence frame which rotate in synchronism with ths rotor. They

arB commonly known as direct axis an~ quadrature axis, the

fO,f',(n!3'1'bein(J,.aldng:tliepole axis <lnd.the later at 900 out 'of

phase frolll tlie forllier.Jhs rSleltionshipb'etwBsn the d <lnd q

exos and tho phase axes are shown in Fig. 2.1.

Quadrature
axis

'.

Fig. 2.1 IdealizGd

Direct
axis

{,xis of
phase a

Synchronous M2chine.

The Park's transformations and the invsreerelntions ore

r l
-,

fK a -I(.8 120 ) Cos (8 120)
,

Kd Cos 8 Cos - +

2 -Sin':(Ei -12l~ I (2.1)l K = "3 .••~~n8 '. ':'S~n{ B+120 Kbq

tKc JK t t t
0
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.-
K Cos 51 -Sin 8, 1 Kda

Kb Cos (8-120) -Sin(8-l20) 1 Kq

K Cost 8+120) -Sin(8+l20) 1 Kc 0

where K symbolizes currents; voltage or flux linkages. The

subscripts abc denote phase quantities and dqo denotes direct

axis, quadrature axis quantities and zero sequence components.

For the purpose of developing a mathomatical 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 pelf and mutuel inductances may be represented as

constants plus a simple sine variation of rotor angle of

8 or 28 as shown below:

Rotor field self inductance Lff = Lffd

Stator fiald mutual inductance £af = Lafd Cos 8

~f = Lafd Cos(8-l20)

J:' = Lafd Cos (8+120), cf
Self inductanc e of stator phases

£aa = L + L 2 Cos 28aao -9
oGbb - L' + 192 Cos (28+120 )aao
£cc = L + Lg2 Cos(28-l20)aao

where L ,=aao 1':
I'
(I,

I
..'.
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r1utual inductance between stator phases

"-ab •• - .5L + Lg2 COS (28o"12P)go
"bc •• -.5L 4- Lg2 Cos :ae

"go ,
J:.CB '= ~.5L + L 92 Ccis (28+1.20)go

3) Magnetic saturation and hysteresis Qie neglected.

4) The amortilss.;:eurwinding and all othEr rotor circuits arD
Ma~lactad for simplicity.

Tho sterting point of the anelysis is the set of flux
linkage and voitego equations for tha S8t of stetor and,rotor
windings of the idealized synchronous gcneratorl

I.. a a

~ba

clca

rifa

i Ia

J... ac

"cbc

oLsf

.£bf

...

- i a

- i c

•• (2.2)

(2.3)

where 6's represent terminal voltages and i's are currents
flawing out; of the generates., Applying Park's transformation
these'equations can be reduced tal
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't'fd L ,3 L id'".'ffdJ,fd-2" ..

~fd
'~d •• L afd ifd - Ld id

'fq '" - L iq q
'fa .i - La ia

Vfd '" Rfd ifd + P 'ffd

ed ". - R", id + P ~Jd - W~Jq

i i' + w....f!e '" - PIa + ~ qq q d

Gi •• - R i + p 'foa a 0

where Ld L 3 (L LgZ)•• 81 + 2" +go
L L

3 (L LgZ)•• al + "2 -q go

L •• Lal0

, .,

.. ,

(~,4)

( 2 . 5 )

.. ,'

Ld and Lq are called the direct and quadrature exis synchronous
inductances respectively and Lal is ihm leakage inductance.

The excitation voltage of the synchronous generator is
given byq

,.. (2,6)

Equations (2,4" .• (2,5) and (2.,6) giva the current, voltageand
flux linkage relations of asynchronous machine completely
under any conditions of operation •.elo\'.'everfor balanced three
phase operation; zero sequence terms will be zero,

).

\
\::','
I

./
l
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2.2 Per Uni~ System

In pow~r system analysis, general practice is tD express

different variables in per unit rather than in actual~olts,

Dhms etc. In cDnventiDnal analysis with interconnected trans-

mission networks; transformers etc. per unit quantities Df

the whDle System ere referred tD Dne side of transfDrmer. In

mDdern analysis; since the synchrDnDus ~echine is cDnsidered

as a cDupled assemblage Df cDils, rDtDr circuits CDme intD

cDnsideratiDn. 06viDusly the rDtDr circuit quantities shDuld

be referred tD the statDr side and then expressed in per unit.

It is alsD pDssible to refer the stator quantities tD the rDtDr

side. But with intercDnnected machines. tWD stage transfer will

be necessary tD 'refer ~6me Df the system parameters tD the

'rotor side of a particular machine. Furthermore, in case pf

machines with more than one rDtor circuits; ref8rring the

quantitiBs to rotor field coil will-be v8ry complicated. In

view Df all these difficulties, it is preferred tD refer all

the rDtDr quan-cities tD statDr side.

CDnversion Df statDr quantities tD per unit pDses nD

problem at all. The statDr currents, voltages. inductances

etc; are just divided by base value - generally the name plate

value Df the machine. The peak values of currents. voltages

are usually sBlected as base. This is due to the reason that

under balanced D\JeratiDn the direct 'and quadrature axis arma-

ture currents are p~Dportional tD peak armature ~urrent as
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\

...

where I is the peak armature current, ~ is the phase angle of

armature currant with respett to time axis.

To refer the rotor circuit quantities to ths stator side

,a suitable "turns ratio" is'required by which rotor quantities

must be multiplied. But unfortunately there is no unique value

tif this turns ratio. For instance, one may define turns ratio

as the ratio of number of turns per stator phase to number

of turns per field pole. A second definition 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 pale. Other definition of turns ratio could be,the

ratio with mathematical turns per field pole for fundamental

component of stator flux etc. In fact various authors have

advocated for various turns ratios for synchronous machine.

It is not surprising; therefore; that the published formulae

for referring rotor quantities to stator. and the corresponding

values are not in accord since they use different turns ratios.

HOwever the per unit quantities of 8 machine are consistent
for a particular analysis.

. . fz1The mu tual reactanc e is' def~nea "as the vo 1tage. indue ed

in each stator phase per ,unit field current or in otherwords:

.. ... (z,e)
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5incenormal st,ator.vo,ltageis universally taken as

unity, tha product Xafd Ifd must be unity at normai oPen
circUit air gap line voltage. Thereforej it is evident that

once the turns ratio is selected, the base rotor currant cannot

be selected arbitrarily. But it is preferable to select the unit

field current first, since an arbitrary selection.of turns

ratio may yield a unit field current which is inconsistent

with actual field current at normal open circuit operation.

Once the unit field current is defined, the ratio of this

current ",ith proper stator current will gi'Je the requirec'

turns ratio. The term .current ratio" which is defined lB~er

is physically more meaningful and will be used in the following

discussions instead of "turns ratio".

With the selection of base current ratio, the, next thing

to do is to convert the actual rotor quantities to per unit

values. The flux linkage and voltage equations for the syn-

chronous generator as deduced in previous section are

'ffd Lffd ifd
3 id= '2Lafd

'fd = Lafd ifd Ld id ... (2.4)

~ = - L l, q q q

vfd = Rfd ifd + P 'ffd

ed =-R id + p'fd - {J)fq ••• (2.5)a

e = He i ..+ pfq +,wtdq q

'.,.;



-16-

.The 'direct &nd quadrat~re axes fluxes may be thought of ~I
fl~xes which; although rotete with rotor at synChtdrioJe ip~~di
are centered OVer d and q axes respectively. Thig sUggests th~i
the d and q axis circuits could be represented by soma sort
of static equivalent circuit. But an essential condition for
the existanc 0 af static equivalent circuit; is the reciprocity
of mutual inductanCe Cd efficient and this is ndt satisfied by
eq~atidn (2.4).' For reciprocity of mutual inductance coeffiM
cient the currente. inductances etc. are defined in the follow'.,.
ing way:

L'efd =

R'fd 3 (2.9)= - Rfd •••2

L' ffd
3

"" '2 Lf'd
• I 2
:1 fd = 3' ifd

(2. lO).- .' .'.. .

'r I ]
'3 f'~2.

, 2' ac

r
' ]1,
I. fOO.3 .
-1

,-' 2 ad
.["':t . 'lii

, 1£~S.J..
_ '2 :1a6,

3 Lffd
"ffd = 2' -lao

= :} ~fsJrfd -2 X aO

These newly defined coefficients are used for J:l8runit .conver-
sian. The formulae for ths per unit .conversion are given belo141:

Ld
xd = L

aD
L
-llx = l

q ao
:3 Lafa

Xafd"" 2' l
ao
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Rsra = -x---.~. ao

vfd =
Vfd [~ 1eao 2 ao.

Base current ratio Ifdo= r--
- i2 ao

Similarly per unit conversion formulae can be written for other

rotor circuits also.

The selection of the rotor base current is a major prob-

lem •.However it is clear frolil(2.10) that no unique value of
:)

base current ratio is demanded by the general per unit system.

Most commonly used methods

and hence the base current

of defining

t" ls)ra ~o arf3

the base rotor current

1. X ad base system: The base field current is that
.current which will induce in each stato r phase a

peak voltage equal to x ad iao

2. Unit voltage base system : The base field current

is the current required to induce normal; open

cirCUit; airgap line stator voltage.

3. Magnetomotive force base system: The base field

currant will give a magnetomotive force per pole

equal to the flat ~opped armature reacti8~ at

normal stator current.

4. Equal mutual base system: f'e base rotor eur1"ent:sare

defined so 'th .."tthe mutual iinpedances for .",machJ.ne

with one €idditional rotor 'circuit are all elJlual.



Each system has its own advantage. The Xad base system

makes all the mutual inductance terms to be numerically equal

to X d. However; determination of base current r~tio requires
. a \ ' -

the determi'Btion of Xad• In the mmf method the current ratio

may be calculated from number of turns per field pole and

stator phase; pitch factor; distribution factor etc. which

require some design data of the machine. In equal mutual

method all the mutual inductances are equal and the base

current ratio may be calculated from design data. The unit
. .

voltage base system is the simplest one in which the base

field current may easily be determined from machine open

circuit characteristics. Another major advantage of unit

voltage system is that the stator rotor mutual inductance

coefficients are unity for field circuit and other rotor

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

study.

To e~press the machine equations in per unit system;

time and rotor angle must also be expressed in p.u. The base

time t ..is defined aso

...
which is the time required for the rotor to move one electrical

(d)radian at synchronous speed. The differential operator p dt

is replac ed by -lL. in per unit si .•c eWo
d t -fL _1_ _d_ -lL. (2.12)P = dt/to = dt = dt =

[.)0p.u. 0 W.o
'..
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To express thero'tor angle 8 in p.u.; base rotor angle

is defined as

,80 "' 1 rad; "' ,,' t~~o 0

Then any rotor angle 8~",Wt + [) in p.u. is

8p.u.
(,).)10 1 [)"'Qt + [) (2.13)

\,

which implies that rotor angle 'in p.u. is equal to the actual

rotor angle.

2.3 Equations of Synchrohous Generator Infinite Bus System

The mathematical 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 voltages and currents of the system is

fa'1 Rl:
-,

i Va a

:b I "' + L p ib Vb (2.14)
+e

i. I VL C C c
-'

where V's are bus voltages and R aild L are transmission
B e

line resistance and in,du:tancBS respcoctively. Using Park's

transfo:tmation this equation c,an be reduced to

ed "' R eid + Lepid "WLi + Vde q

e = R i + Lepiq + WL eid + V (2.15)q e q , , :t

eo "' x- i +,-LePio + V
0 0 0



For 'symmetrical three phase operation the zero sequence terms

will be zero. ~dand Vq are direct and quadrature axis bys

voltages respoctively where

Vd = V Sin ~

V = V Co s 0
q

(2.16)

where 0 is the torque angle - the angle between the rotor of

the generator and infinite bUB reference exislthe generator

being ehedd of infinite bus,
,,".- , ,

The power output of ~yrithronbus generator is given by

Sin 20 (2.17)

The basic swing equation describing the mechanical oscilla-

tions of synchronous machine is

H
'It!

T.
J.n - Tg (2.18)

Defining th8 per unit spe8d 'dUlliation as

n :. (2.19)

equation (2.18) may be expressed as

po;; Won

pn:. ~m [T in- Tg]
~here Tm =2HI~tg8 inertia cDnstant of the machine.

(2.20)



The voltage and flux linkaga relations'of ~he synchronous

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 formul~e suggested in the

previous section •
•

'Yfd = xffdifd - xafdid
\fd = xafdifd - xdid (2.21)

'fq = - x iq q

rfdifd
1 l.\Jvfd = + W~P I fd

;,
c,)

~q
_1_

P fd- raid + (2.22),ed = - Wo
Wa1

tq'W .~ - r i +-- pe '=~-W .... d a q (.00q 0 .. ..

W x
ed ",'r.'i'.:' x i. +

__ e
pid + V Sin 0

, e :d 0)0 e q Wo
W X

e = r i +' x i '+ ~ pi + V Cos 0 (2.23)
q e q Wo e d Wo q

, "et = 11 ed2 + e 2q

Expressing field voltage vfd in terms of excitation

voltage Ef~ and ~~bstitutingthe flux linkages of equation

(2.21) to voltage equations (2.22) and equating~ith (2.23)
tha following equations can be obtained: .

. . .'~-,'
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r i -,e d

+W r i
d

.;.W~x i
a a 'q q

Sin oj
(2.24)

p \.l.J =WD(~ pi + r i +Iq a q e q
W x i + V Cos 01
Wo e d 'j

Di fferentiating equat ions (2.21)

p td = xffdPifd - xafdPid \'

p fd = xafdPifd - x'pi (2.25)
d d

p~ = - x pi
q q

Equating the above two equations the derivatives of

currents may be expressed in the follo"Jing matrix form:

o

o = W (r +'r )id- x i, +W VSina-Wx i
o e a e q 0 'q q

.\
"
I,,,,
1,;

o o w( r +r )i + {,..)x id+ W VCos ao e a q 0 0
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Solving ~his equatioh for the derivatives of the currents

and combining them with th.e swing?quations (2.20) gives a

set of S nonlin8ar first o~der differanti,al equations for the
"

single machine infinite bus system,'having nogovsrnor, and

exciter dynamics and in the ebs'Jnce of emortisseur ,windings:

r i
I'
I' ~
\ ,

'I

pifd

pi
q

pn

J

-'-' (2.21)

The direct and quadratuie axis voltage equations are

where

rfd( Xd+Xe) (r+r)x fde a a .a1 = Ad a2 = Ad

-x "--j(x +x ) V xaT -~ e g
8'4

,afda3 = Ll.d '" hd

- rfd( Xd+Xe) rfd, xafd.,
as = ~d a6 : Cdxafd

(re+ra) xffd - Xffd(xa+Xg)
87 = 4d ,ae ,- Ad

(2.2in



-24-

V xffd - 'rfd
89 = Ad 810 = Lid

x - ( Xd+Xe)
811 = ' ~.~ '812 === Aq

-(:>+r) - V
813 '"

,8 a
814 =Llq ,L)q

2 "- V - v (x d"x )
9a15 = Tm(xd

816 = ~d+X )Cx +x ) T+ x e e q 8 m

T.
a17 = ---!!l.

alB = WT 0,
m

x8rfdxafd
':t

x8xffd( re+ra)
a19 = W"Lld

a20 = + W 4d0
0

x xffd(x +x ) x 8rfde 8 9821 ,= - x
45"t1d

a22 = - (..J Ll de
L>

x xffdV x x8f'dV e 8823 = + W 4d
824 = W"•.•~q0

,'~

x ( x d+x ) x (:I" +r )
8 '8 8 8 aa25 = Wo4q a26 = r Wo6qe 8

x V
V 0a27 = - W.•4q

(x + x )
8 .!L
We

x )
8



CHApTER 3
THE EXCITER MODEL

3.1 Introduction

An electronic exciter, designed and constructed in a

previous stud}16] is considered. 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 aAd adders. A set of
:A _-thrse controlled and three uncontrolled rectifiers rectify

tti'eithreephase ac voltage obtained from a constant 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 angle of the SCR was controlled by a reference dc vol-

tage and provision was kept for use of auxiliary signals.

Two circuits, ona for sensing end recording the change in

terminal voltage and another for sensing the deviation in

rotor velocity wat3econstructed. Figure 3.1 shows the block

diagram of the exciter and Fig. 3.2 shows the details of the

excitation system. The input output relat~ons of different

blocks of the excitation system, namely the different sensing

circuits. the SCR control circuits e~c. are deduced. A simpli:

fied block diagram and transfer function is presented in the

last ..section.
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FIG,u CIRCUIT DIAGRAM OF THE EXCITATION SYSTEM (ONE PHASE IS SHOWN)
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--J:-J'•ValDcity
. :deviatiDn . ---.
:.!!en:'ling I i 9"1wtooth! circuit
I circuit I

I, ~

. ~A;[;n-dl ~ I i --4'-r --I.... 1 SCR J
Ref~. .... .'. comp8rat.Oj-'-- nverter --."1' ---?~V'_jIge~n con- i . . gate Tc
. ! trDl _ L: ." I ' -

Terminal
voltage
deviation'
s"nsir,1U ic~rcu~'t j

Of
'------.----Terminal voltsge

Fig.3.l Block Diagram of Excitation System.

3.2 Voltage Deviatioh Sensing Circuit

The circUit for sensing the terminal voltage deviation

8~ the generator consists or a step ~own transfor~er. a set of

re'ctifiers alid a bridge network. The d. c. voltage proportional

tb ~he ter~inil Joltage is compared ~ith a reference sign~

t 1'r~m a Zener diode) and the bridge ne.twork is adjUsted stich
., ',c :' .

that the outpUt signal 'Of the network i,s zero ,at steady st"te. ;.'

but whenever there isa change in terminal voltage a signa\..
~ •.... '.~:':

appears at the output,Fig, 3.3 shows the terminal voltage

deviation sensing network.



Tennine.l _
volt~ge

-28-

e~

R"~i~"r~rl,
set -1__ 1 I

Fig. 3.3 Terminal Voltage Sensing Circuit.

In the circuit Rl represents the diode forward resistance

and the winding resistance of transformer. The voltage devia-

tion signal. isobtained at the terminal marked evol' The Zener

diode operates in the breakdown region SO that its voltage can

be treated as a d.c. reference voltage. The output of the

bridge network can be expressed as

1.5 +
= 3.0+ e - 9.1 (3.1)

Defining percentage change of e as

e - eo ( 3.2 )

where. eo is the steady state voltage across bridge, .equation

(3.1) becomes

1.5 + RSevol - 3.0 RS
e(l + e'd ) - 9.1+ 0 . ev

RS is adjusted so that at steady state 8vol is zero.

Therefore the steady state relation is
1. S + RS

~'3~~O + RS "'b"'~'9.L
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':J "
HenCElat a chai-ged v6'Haqe condition the outpeJ"tbf'th'e'l/oittlge
deviation circuit is

(3.3)

It is to be noted here that due to the presence ofsleries
(,:'.:: .

resistance Rl percentage ch8nge of el is not aqual to percentage
,J ;;

change Of e. ,In addition, due to the capa~itor C1 there will
be a time lag. Conside~ing the Zener dio~e as a d.c. voltage

,
source the following 'Mde equation can be writtan in terms of

Laplece operator 5 •

.: •• 81
'R +" 1

...!i- + eCS +R2
e - 9.1

1500
+ _ e

3000+RS
••0 (3.4)

Substituting e, ••,',ldev
e1 - elO it

e10
[0.006067 +

e (l+~ )eo ,dev 1 +

reduces to

elOII+81dev)/Rl) R
R CS

(3.5)

,,,here 1
R''''

,
Equations for steady stat~and transient conditions can be
obtained from equation (3.5) as:

eo = [.006067 + :~oJ R

e. _[1 + .006067 x R/eo] e1dav
dev - 1 + Res

Substituting the available data eo •• 17 volts" R1 •• 120."1.
R2= 1 Kn. • C1 •• so',.al.R 5 ;" 22']11.
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0.966 eldev
1 + 0.00775 (3.6)

Since transformer winding resistance and diode resistance

is included in Rl; percentage change of machine terminal voltage

will be equal to percentage change of el• Therefore the output

signal from the voltage deviation sensing circuit can be ob-

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

B. B
evol = 1+.00715 Iidev (0 -7 \~..

wher/? Vdev =
e - et _ ._tr

etr
terminal voltage. Equation

is the pe~centage change of machine

(3.7) ~ay be expressed in anoth~r

form, putting etr = .14 p.u.; ~hich was the voltage~uring the

performance test(with ~he machine floating)

= - (3.B)

Experimental study shows that gain of the voltage sensing

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

are close to theoretical rBsults~

3.3 Velocity Deviation Sensing Network

The circuit which senses the deviation in velocity

consists of a d.c. tachogenerator which produces.a constant

voltage when the generator is ~unning at synchronous speed.

The output of the tachogenerator is compared with a reference

voltage to produce zero output at steady state. The cif~uit

diagram is shown in Fig. 3.4.
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. 500 .... ..' . .~.llO .. \32' 15K

~

.1. ...•..... '. ',.,-'.. i -.... .~.6K

".~ .-.
01,2.2",lf C2. 1ClAlf

..~3

17K

e .vel

16J(

Fig. 3.4 Velocity Deviation Sensing. Network,

The vslocity devietion signal is obtained at the terminal

marked a l'. va

17 + R
eve1 = 9.1 - 33 + R e3 (3.9)

Percentege deviation of voltage e3 across the bridge is

defiMed as

where e30 is the voltage when the machine is running at steady

state and e3 is the vOltage for any

tian (3.9) r~duces ~o

e 1 = - 9.1 e3 d .ve .8V

speed. Then equa-

(3.10 )
I

'~ubstituting the experiemental values of e30 = l7.i volts

and R = 1.2 K.D-.

Due to the presenc.e of large series r8sistance 15 K

the percentagE: change o.fe3 will not ~e equal to th'e percentage

of e2• But since the other two series resistance are small

and Mlsocurrent throughthes8 resistance is also small (about 1 rnA)
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the p~tol;lnt!!lQI3eh!3n~1l,H .9~ I'li'ldRllroe"1j;agachahgil of 132 will
beelmost aqual. ,In other words the loading ~ffect can be
neglected for the Rl~1R2C2 lag network, Considering the Zener
diodll as a d.e. sOurce the node equation oan be written es

(3.11)

• 2.3161 133 - 6.53125

• the fo110wings may be obtained

132dev

1320= 2.3761 1330 - 8.53125

$2" 0
2.3761 1330

= 0.768 e2dev (3.12)

The transfer funotion of the RICIR2C2 lag network is

:= 1
1 + 0.008865 (3.13 )

Therefore e2dev =
eldev

1 + .00866 5 (3.14)

The voltage 131of the tachogenerator is proportional to speed N.

so that, e1dev = n (3.15)

where 81dev and n are per~aritage chaMges in 61 and speed
respectively. Combining equat~~ns (3.10) •.(3,.12),.(3.14) and
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(3,.15) the velocity deviation sigMal from the sensing network

is

evel
.;7,$6 n

= 1 + .008086 5 (3,16)

Experimentel study gives a gain of '.;.4•0 for the velocity

sensing network. The tim~ constant was not determirihd experi';'

mentally.

•

3.4 The SCR EXCiter

A set,of 'three SCRs and three uncontrol'led tectifieJ;s

were arranged in a bridge circuit to rectify the three phas.

a.c. voltage obtained from a constant voltage source. The

firing angle a of the SCR is controlled by a control cir~uit

which is discussed in the next section. The d.c. voltage out~

put of the bridge depends on the firing angle a of SCR. For' ,'"

"'", n, eatt, SCFl conducts from 30° to 1'50° of ,:\:hevoltage wave';,
\. '

For the rang e of firing angle o <C.a <,.600; the ?CR starts conduc--~~"' .
,.' ..

tion at 30 + 0: and co nt i nu es upto 150 + 0:, For 0: above 60°
,'f.

conduction starts at 30 + 0: and continues upto 2100• The bridge'

rectifier and the rectified voltage 'Jave are shown in Fig.3.S'

a~d 3.6 respectively.

Constant
vO.ltagfJ source

SCR T,
-- .-..J

Field coil ,

fig. 3.5 Three Phase Btidge Rectifier.



0: > 60
0

Fig. 3.6 Rectified Voltage of the Bridge Network.

The d.c. voltage of the bridge can be calculated from
othe Fig. 3.6. For 0: below 60 ; the d.c. voltage is

~O

Ed•c = ~~ r ([Em Sin l.-Jt - Em Sin (wt-120)] d!llt
I~! '
, L[~:"Si"wt - Em 5i" (CO, - 240>] d <-"J'l

3EL= V2 'It 1 + Cos 0:) volts (3.17)

where EL is the line to line a.c.' voltage. For the firing angle

0: above 600, the d.c. voltage is \

Ed =.:..L [f1:0 Sinwt - E Si'nh ...)t - 240)] dwt]• c 'It -0: m m. '

1{2 E 0+0:= L
1 + Cos 0:), Volts

" "t..,::

,
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Expressing the field voltaga Vfd in t~Tms of excitation
x fd .voltage Efd (-r;d "rd) and substituting the experimental

values of ~afd' rfd and EL = 170 volts = .74 p.u.

Efd'= 1.865 (1 + Cos a)

= 3.904(1+Cos a)/(~ - a)
(3.19)

where a is in radians and Efd in p.u. Fig. 3.7 shows the 5CR

characteristics. The nonlinear SCR characteristics is linearized

using least square curve fitting technique by a computer program

which is given in appendix.

The equaticn of the linearized curve is

Efd = 4.0929 - 1.1664 a

from which (5.20 )

for small deviations about the operating ooint.

.'._' ". i"

r:- ..



5 r
1

4 L
""""

1:J
~.•...

lJ.J 3
lJ.J
(:l

~
-.J

~~
::i2

~.oQ-~•....
~-w
'< 1
lJ.J

a
o 30

-36-

L
60

FIRING ANGL E(deg.J ••

FIG. 3' 7 THE SCR CHARACTERISTIC

CURVE.

AND THE LINEARIZED

ro.,



-57-

3.5 5CR Control Circuits

The hBart of the 5CR firing control circuit consists of

a set of three comparators (one for each. phase). The comparator

compares two input voltages. When the two voltages are exactly

equal and opposite, the output voltage of the comparator swit-

ches its mode. The switched signal is used to fire the SCR's.

ohe of the two voltages used for comparison is a voltage time

base signal (or a saw). The other is a d.c. signal which is

/the algebric summation of reference signal, voltage deviation

signal ahd velocity deviation signal. Since the switching of

the comparator is in the direction 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.B.

Velocity
doviation

0:

~

fidder Saw tooth
.sf. and e

p comparator
9"in contra inverter

R

Wolt~gey
d8viStion

Fig. 3.B Simplified Block Diagram of SCR Firing Circuit.
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The adder in the sllcitation system is uest! to rldd'yelo-

pity deviation sillnsl, voltsge deviation signal and the refe~

'an~e Ilgnal to plbdu~j'l cOntrbiling d.t., voltage for the

comparatca:. lhillll:1.rClJitlilSI1911l'Vsethe purp6ee of.gein

control fot individu~l feedbaCk signals. The adder efrcuit is

shown in rig. 3.9.

2.2M
SM

e .•.•reT

e. 1Va,

evel~

Fig. 3.9 Adder Circuit.

The output of the adder ~ircuit is

e e

where K and Klare gain of voltage and velocity deviationvol VB

signals respectively. The adder circuit output Ba is applied

to the comparator and is compared with the sawtooth voiiage;

The combined ~ff~ct of the comparatorj inverter end ~a~i60th
c~rcuit is that 0henever thste is an inc reese in 8ei ihh firing

angle exincreasSs Le. firing 1s delayed. Since the adder

signal is d.cj the firing ahgieex wili foild0 the ~90 tbbih

wave as shown in 'Fig. 3.10 whiCh may be redrawn in another way

to .howthe ralstion betweeh adder ~olt~ge ee and the firing

angle a as shown in Fig. 3.1~;

...~



,.•

IB

\

(

--?>- 88

------I,

•, -50

0:

t
Fw"'3 A~Ii,

•210-+Vnltag~ wavo
IBU°-...Firinganglo 0:

Fig. 3.10 Comparat,?r input'
Signals.

Fi9' 3.11 Comparator Invorter
Characteristics.

The equation of the line of Fig. 3.11 ~s

0: ; 0.575 ee - 0.8749 (3.22)

For ~mall deviation about the operating point equations (3.21)

and (3.22) becomes

(3.23 )
13 0: ; 0.575!.\ee

From experimental data it is found that for Efd ;170 volts,

with the machine floating, e f; 8 volts, 0: is about 660 whichre
is also obtained from eqUations (3.21) and (3.22). The corres-

ponding d.c. voltage is 165 volts. This requires a volt age,
divider of ratio 0.26.8 Bt the d.c. output of SCR so th at requi-

. 'j" ,:., ~:'

red voltage of 4~~~uolts is applied to the field to give

Efd ; ,170 von:s. S1\'<;,lltime constants associated with the
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electronic circuits suc~ a~ cdmparatd~. invert~. ~dder etc.

and a time lag in 5CR firing may be combined to sne tiffl~ cons-

~eht for the exciter which is taken to be about 20 mSec.

3.6 Simplified Representation of ExcitationSystGm

The transfer'function of each of the blocks of the exci-

tation system has been dev3loped in the previous sections.

Combining them the overall block diagram of the excitation

system can be r'edtawn as shown in Fig. 3.12.

t1 +.0123 J-

K ' .7.16
vel , 1 +.00

+' . -11.9 i---t K ' + • !57~--1 -1.166r vol f' a- 0
1+ O.

1
E 0

Fig. 3.12 Detailed Block Diagram of Excitation System.

The exc~tation system block diagram of Fig. 3.12 can

be reduced to a simpljer form, as shown i,n Fig. 3.13. Th" cal-

culated gains of the excitet and velocity feedback circuit are

2.2 K 1 and 0.612 K 11 K 1 respectively which may be com-va VB vo
pared with respective experimBntal~cins 2.0 K 1 and 0.4 K 11K I"vo ve vo
The time cdnstants of exciter and voltage sensing circuit are

20 mSec and 12 m Sec respectively ~nG that of vcilBEity sensing

circuit may be neglected.
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.'.

Kv •• n,

-lu
.+-u(t) K I,s , r "l>- 1 + ~c:Sr

etl
1

_'x." ._ ~

1 +T" S -v
.,_. ~---, ,.

Fig. 3.13 Simplified Elock Diagram of Excitation System.

The excitation system can now be represented by the,
following equations.

peu = ( e - etl)/Tv (3.24)t
K [etl '-.e -u(t)l4Efd
'r (3.25)= 1 + T p tr s Jr

where Kris negative. The nonlinear form of equation (4.25) is

K
r

<r
....L
'7:"r

K
K e

t
)/ 7' - ,.,.:,

r r r '-_r
u (t)s (3.26)

If the time constant in the velocity sensing network 1S consi-

dered another differential equation would be necessary to

represent it. The excitation system thus can be represented

by a se:7~es of gai,9,~,;.,andtime' constants.
'.

':,, '

',.1'
J
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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 gives more accurate

results. Under normal steady state balanced operatio~; th8

resultant mmf of three armature coils is constant in magnitude

and stationary with respect to rotor poles in direction. The

resultant'sirgap mmf is,' therefore; 'a vector sum of armature,

and roto'):'mmf1s which is const ant in magni tude end directio n

with respect to the pole axis. Therefore; the inductances

which govern, the performance of synchronous machine are induc-

tances to direct current (and since uirgap mmf wave is rotating

at synchronous speod,these are called synchronous inductances).

They must; therefore; be measured with direct current.

Any attempt to measure inductances at stand still with

50,cis alternating current will fail completely due to the

presence of damper winding which acts as a short dircuited

secondary of a transformer. Moreover the 'core loss will become

appreciabld so that there will be large error in measured

quantities. The d.c. bridge method eliminat;es,,;th'ese'di"fficul-
. T h " d . r1 BJ ' " ,t1es. e proce urd followedfor,the,mea~ulement are given

below.



il) Measurement of 5elf Iriductance 'of Field ;'to,iJ.;~
.~" • $',::, ,: ~ '

Z R = 162
R2= 44.4 '
R3= 44.9
R4= 164

;/'

S

Fig. 4.1 Wheatstone Bridge Arranqement for Measuring
Self Inductance.

Figure 4.1 shows the Wheatstone bridge arrangement

where R.,L represents the field c.oil of the machine. R2R3, R4
are non inductive resistanceS. Using a d.c. source ~he bridge

wes balanced and let. I be the current in th.e field coil. \-Jheno
switch 5 is opended, the current in the inductor falls expo-

nentially to zero from the initial value I , given by thea

relation

i = "I a
- (a .

The voltage across the detector 1S

..f "~.,.
La+' the detctor be such that it indicates the time integral

of vol.tage across it., that is

. ';'.
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ell .
~ Ie f vtit

a
~:!'" R3. ,; Lf'fd Ito ~ R2 R3+R4'" + a

R
R2 Lffd. Io (4.3)•• + R2

(The bridge is balanced so that -E__• R2
i

Knowing , '~om the detector sel' inductance can be calculetedi

. l.ff d ••
j
Io

(4.4)

• Gener~11YI the voltage integrator may be 8ithei'a'~-
ballistic galvanometer with a series resistor or a fluxmeter.
However due to nonavailability of ballistic galvanometer Bnd
fluxmeter, an oscil10ssco~e was used as tha detector. The
OMcil10scopa has an advantage over ths ballistic galvanometer
o~ fluxmeter detector. The creep OT meter neadle due to slight
ul'lba.l.ancsof bridgo introduces some Grror in measurement which
illllliminatad i 1'1 asci 110 scope mtiasurement: The'oscil10 gram 0 f
thQ tran$ient pulse was taken and integrated by p1an'meter and.. .
al~b checked. by c~lcu1ating area. Dna of the oscillograms is
reproduced il'1 ri9' 4.2. Measurements are carried out with
different valUes or initial currGnts. Fig. 4.3 shows variation
Qf ~elf induttanCG with curren~.
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Scale: 'I Sec/em.
5 V / em.

, ,

1

FIG. 4'2

1'5

TRANSIENT VOLTAGE PULSE ACROSS

THEDETCTOR,

'~

1'0

: ..•.

o
o 0'2 0'4 0'6

FIELD CURRENT AMPS -

FIG, 4'3 VARIATION OF SELF INDUCTANCE OF

FIELD COIL WITH CURRENT,
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fh~ ~r~jehc@ bf de~pei wiHdiHg does not affebt ~h~

meseurement of self inductance. This is shown as fqllpws'

Let Ldf b,8 the mutusl inductance between field and
damper winding. Then the voltage induced in the field circuit
du e to the presence of induced current in the damper winding

~ • The' t'me . t I f th ' . d d It ..dt .:Ln egra 0 ~s ~n uce vo age

di/((j ] dt
dt . (4.5)

as given in equation (4.5) is zerol because the initial and
final values of the induced damper c~rrent are zero.

b) Measurement of Mutual Inductance:-

The method discussed above can be applied for measuring
mutual inductance also. Figure 4.4 shows the necessary bridge
arrang ement.

Field

Fig.~'4.4 Bri:dgeArrang8th~nt T'.cr !Measurethent 'of M'Utual
Inductante'.
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The bridge w~s balanbed i~itially with rated current in

the field and armature coil. Then the switch 5 is opened wh~fh

causes a transient current in field circuit and a corres~onding,
difdinduced voltage Lafo dt in the armature coil. The transient

voltage pulse across the detebtor was recorded by an oscillo-

ebape and time int~gral of voltage was calculated. It can be

shown that the mutual inductance can be expressed as

(4.6)

,
where Ifdo is ~he initial field current and g 1S the time

integral of voltage across the detector.

It is to be noteo here that mutual ~nductance varies

sinusoidally with roto~ position. The maximum valus"of mutual

inductancf, is required for machinereprosentation.Measuremcmt

of maximum mutual inductanCe requires an initial setting of

'ield pole along the same axis with armature ~hase. Figure 4.5

shoWs va~iation of mutual inductance with field current.

i, 1'O1---------~--"-------( I'li
~ j (>---ol~) .1'~I 'I r-----:-o--o
+' I , "0'5;:'I ,

'E
H

Hg,
'+';:'I,,"::E:

U 0.2 '0.4 0."
"'!tield" 'Current in ,,;lnps.,."_

,fi,g.4.5 :Fi'eld"::t.u;tHmt .;,Versu's'Niut'u'a"!T,nduct'anc"ePiot.
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In the bridge circuit considered above, the conditions

~te ~imDst similar to actual operating conditions with both

windings carrying curre"~s. The currents may be adjUsted for

~esired saturation. The mutual inductance measured by this

~ethod will correspond more closely to actual values than

~hoBe obtained by other methods •

.Ideally in the unit voltage base system mutual inductance

between stator phase and field winding will be unity. The

inductshce bridge measurement of mutual inductance gives a"''''

slightly lower value. Mutual inductEnce can also b. measured

from open circuit characteristics of the mach,ine using ths
;,., .

rslatio'n

Fig. 4.6 shows the open circuit characteristics of the machine.

As defined in section 2.3, the base field current is found

from the curve to be 0.376 amps. which is the field~current

necessary to give rated open circuit voltags. The calculated

,mutual reactance is 500A at 50 cis 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 mea'suring d and Claxis synchronous inductances.
,

But these inductances are much smaller compared to mutual
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FIG, 4'6 OPEN CIRCUIT CHARACTERISTICS OF THE
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inductBnces. Measurement of tht,se indu'ctances by the same

process requires very fast triggering of oscilloscope to get

a good oscillo~ram, since the transient pulse is of very short

duration. At the same time triggering must be synchronized

~ith~~itching of bridge circuit. Because of the difficulties

faced with the bridge method, the synchronous indue tances of

the machine were determined by slip test.

4.2 M~asurement of Inertia Constant

The inertia constant is determined from the retardation

test. The basic idea behind retardation method is that when

the driving power of a rotating mass is interrupted iii:will

decelerate and finally come to rest. The tim8 required to

decelerate is directly proportional to kinetic energy of the
.. ,

rotating mass ,and inversely upon friction. windage and other

losses which dissipates energy.

The Kinetic energy of a rotating mass 'is given by

(4.7)

Any decrease in K~netic 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 windagp etc •..cr:.hen
'.

or W =J(.J...f!~dt

= - Mo: (4.9)
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whs+e retardation ~ = - d6J and M_is the i~~rtia constant.dt
';"

Exac.t datermini'ltion..of retardetion characteristics posss

a problem. T~~hometer measurement of speed is not satisfactory

since it will introduce large error. With field excitation

constant, tha generated voltage of a d.c. generator is directly

p.roportional to speed. Therefore, the speed time characteristics

may be obtained from a simple record of voltage.

However instead of ~easuring the generated voltage

directly the arrangement shown in rig. 4.7 was made. The diff-

erential voltage ED was recorded with a pen recorder. The pen

recorder plot is shown in Fig. 4.8. The speed is proportional

to sum of battery voltage and the differential voltage.

v
Pen
recorder

Fig. 4.7 Set up for Measurement of Inertia.

If the voltmeter is ca~ibrated by some standard speed

measuring instrument, the speed can be directly read from the

differential voltage. The speed N for any differential voltage

ED wiLj. be given by
ED + E

N N ... B
= • EDC+ EB-- c (4.10 )
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whers EDC is the diff~rential voltage at some known spesd

N . The known speed in the experimental set up was 1500 rpmc

and EDC was zero. The speed time curve can be calculat"d u13ing

equation (4.10)" which is shown in Fig.•4.9. The no load input

power at rated speed which is nothing but friction; windage
2and I R loss was measured.

1800 r-- I r-'
I I I _J, I

It'OO ~ - '----1--
I ~"

I,

i
CC+1200

I 900 '----l-- - r---
a. I .
0..

I' .~~I-j-j0:: 600
C
'ri --1-- i--i' 1

u 300
(:J

1-
- I I r'-,.~"1

(:J
0-

JlfJ I0 l , - L~"'O
0 2 4, 6 8 10 12 14 16

Time in seconds

Fig. '4."9Speed Time Characteristics Obtained from
Setup_ of Fig. 4.7.

For the machine under test the following data were obtain~d:

No load input pow~r
Armature copp~r loss
Friction •.windage loss
Retardation

or

382 watt.
20.7 watt.
361,3 watt.
i50 rpm1~ec (from Fig.A.9)
15; 7 raci/sec2:- -

The inertia constant~l iscalculatee froni equation (4.9) arid
the v~lus obtained is 0.4_Joule sec/elect." deg.

: ,
I'
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4;3 Results

A 1.5KW. 2~OV synchronous machine driven by a d.c. motor

on a~ AEG generalized mechine set WES considered. The values

of the various p.arameters obtained Ere listed herB.-A Wheststone
-4.bridge arrangement with a precision of 10 was used to meBSure

different resistances.

Base voltage (stator) '" 187.8 volts

Base current (.stetor) '" 5.325 amps.
, ,-.' ,..

Base impedance '" 35.3 ohms

Base fi eld current '" 0.376 amps

Base current ratio '" 0.04702

Parameters Actual
vElues

Per unit
valUBS

O. Of 2 7 "

4.812 ohms
162.12 ohms
40.4 Henry
0,.108 "

1. Armature R'osistonce
2. Field Resistance
3. Field coil solf inductance
4. Direct axis synchronous

inductance
5. Quadrature axis synchro-

nous inductance
6. Stator field mutual

inductance
7. 'Inertia constant of

rotor mass

1.35
1. 59

0.4

"
"

Joule Secl
elect. deg.

(M)

0.1134 p.u,
0.01542
1.195
1.05

O. 558

0.85 (by bridge)
1.0 (by O. C. C.)

2.4 (H)

Table 4.•1

Inductances in the above table reprEsent values at rated
operating conditiorys.
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CHAPTER 5

lFFECT GF EXCITH< PARAMETEriS AND STABILIZING CUNTRfJLS

5.1 Introduction

The power system considered for study consists of a
-'-~ -1. 5 KW; 230 V alternator on an AEG four"machine ,~~t'_w~~cht,,:,,;,;,:,;

is connected to a power system bus throu~h a simulated trans-

stabilizing signals. The block diagram of the overall system

rGcti-miss~on line. The generator is equipped with controlled

fier excitation ,system havi~g the provision of applying
/,
I}_ '

di fferc;nt.5 <(, .'
,'.'\1' ,.. \,,( ,
,.:J :-:~l

is shown in Fig. 5.1.

State feod-
afik.elemellts

u (tls Exciter and
voltage
regulato r

Ceiling
voltage
limi t

Transmission
Syn.Gen. line

Infinite
bus

erminal vol-
'age feebb ack
18mont et

Fig. 5.1 System Configuration.

The state space representation of the synchronous generator

and excitation system as deduced in,Chaptor .2 and 3 are' given

as:
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pn (5.1)

po
K

- -!:u (t)'Z;s

or written in tho form (1.1) is

T:he coefficients 8i aro functions of synchronous machine p,ara-

meters which have boen dotermined and presontedin Chapter 4.

Under steady stato conditions tho right hand side of
"

equation ~)e'q~~.1.s,zero. golution of this oquation yiElds the

s~eady state opurating points. The computer program for tho

steady state solution is given in appendix II. The operatins

points considered for the study and the values of the parameters

are, also listed in appendix I.

To' si,mu,:Fate'a'''disturbance or fault on the power syster:;

represented by the set of equations (5.1). functions or ths
;:~.'r~';j

parameters i'n the right hand side of tho equation ar19i?m6d:f:.fied
,/"

accordingly. The set of differential equations' (5.1f~i~Sb'lved
,".\.

'.,
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by a fourth order Runge Kutta integration method. The computer

program developed for solution of tho differential equations

is given in appondix II. The solution of the differential equa-

tions ~hich are the difforont states of the system such as

Current, rotor angular position, velocity etc. are record:,d.

For accuracy 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 step size

of 5 m 5ec has been found to be a satisfactory compromise.

Effect of different parameters of excitation system r;.~..~.yJ .,.,

such""' "

as eXciter gain. time constant etc. have been studied. Detar-

mination of the exciter gain for best performance was attempted.

The term "best performance" is used to mean minimum first r,ctClr

excursion due to a disturbance and maximum damping of rotor

angle oscillation subsequent 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 a~d this requires an additional

stabilizing signal in addition to the normal voltage error

signal. 5earch for suit abIe stabilizing signals derived from

the system statos have bean carried out. An "optimum" ~ombination

of the different system quantities for best transient removal

has been attempted.

,
!

"
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5.~ Effect of Regulator Gain

In order to investigate the effect of regulator gain on

the ~tsbility of the power system a three phase short circuit

for s duration of 120 m Sec (6 c/e) was considered at the

generator terminals. The operating point was at 600 of the

underexcited machine when the output power was 31;5%. {The

maximumpower that can be delive.red by the machine ,inder this

,e.xcitat1on is 37%). The power di fferenceor the accelerating

pOwer due to ahort circuit causes the machine to accelerate and

Sippli.edtD the field. For the operat'ing point under 'considerCl-

tio't\ the machine i:n abseDeeof vol tags r8gulatorea.n not survive

the system b ecomas unstable,. For small values of :gain, t:he

o'scillCltion-sgrow grCld'ually and the system ,b,ocomes u'nstilble.

rhi~ i's 'a coso of dyn",mic instabiiity,. With increaS8 i:n rcgu-

"i'sto:r gain t:h8. fi'rst sw,ingstability improves ,but damping is

poor., :'Too large a regulator ga:in againd.eteriorate's t.h.e syst8m

:respons:e and fora g:a1nof800 and over it .has been ,obse,rved

'tha't the 'mac:h.J..negoes comi=>tetely ,out of step .• The system b.ehaves

almb's't ,ina 'similar manner 'with an addition:alst.abil1,zimg

'signa'l 'derlved fr'om ,rotor 've'loci'ty. Figures '5,2 and 5,,3 ShO:d

the ef'fee't of regtJla'tor gain in ab-sonee 'o'f additional "si;-sbi-

'lizing .5"i,gn'a1..fig. -S.2'shows the rotor anglo va'ria'tion of the

'synch ronou sgensx21tor ferdi f:ferent 'va'iu 8S o.f exci,te,r gain ',vith

normal voltage regulator act'ion and no addi-tiona'l :stab'i'lizing
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signal. The maximum rotor excursion far differeht ~alueB of gain

are plotted for 8 thr~8 phase short circuit at the machine ter-

minals. It can be clearly seen th at the gcnieratOr becomes 'un-

stable for too small and again too large values of gain: evon

with auxiliary volocity feedback signal.

So far as rotor first swing is concorned a regulator g31n

of 40 'seems to be preferable. A higher gain cause osci'llato,",y
. ,... ... ,-

response. Fig. 5.4 shows that settling time at a gain of 20 O-s

much smaller than that at a gain of 40 in which case low level

oscillation continues for a. lar.ger period.' How8ver. the fir;.,t, .
rotor swing for a gain of 20 is not too large compared to that

for 40. So regulator gain of 20 seems to bs the best choice

considering two important figures. of merit of a system - th.

peak overshoot (first swing) and the settiil')g time .•
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FIG, 5'4 VELOCITY DEVIATION FOR DIFFERENT
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5.3 Velocity Feedback Signal

A signal derived from rotor speed, deviation is very e/'hie:;;..

tive l.n damping out system oscillations following a disturb anc:;:',

in t'ho-;'jJowersyst8m~ Fig. 5.5 and 5.6 demonstrates this. A 'ohre8

phase short circuit at the terminals of an under",'xeited synchro-

nous generator carrying a load of 3l.S% at an operating angle

of 600 was applied. The'swing curves and trajectories in velD'"

city angle plane show that in absence of velocity feedback

signal the system requires significantly large time to return

to the steady operating point. With volocity signal the system
,

returns to the equilibrium point after only a few oscillations.

Tho effoct of diffErent amounts of rotar ve16city feedbock

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

second and subscG',~nt oscillations is considerable. A gain of

about 20 has boen found to be satisfactory. Too large a gain

in the velocity feedback circuit causes an oscillatory response

and the gene~ator may even lose synchronism. A gain of 20 wos

used for the response shown in Fig. 5.5. Figure 5.7 show the

variation of different rotor and stator voltages and currents

for the 3 phase short circuit. A time constant of 20 m Sec "as

considered in tho volocity feedback-circuit and no significont

change in transient performance was observed.

The effect of velocity signal on other types of system

disturbance such as different amounts of torque step, torque
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pulse for 6 cycles; a six cycle three phase fauIt at middle of

transmission line end switching a pEralleltrans~ission line

was studied,_ Swing curves of Fig: 5.B - 5.12 show that in all

types of systcm disturbances the velocity feedback signol has

a satisfactory contribution in damping out the sysfdrn oscilla-

tions.- Diff8rent figures of merit such as settling time,peak

overshoot etc. are listed at tho end of the chapter.

As m8ntioned oarlier, the effectiveness of a solid state
f ,

excitation scheme, designed and constructed in a previous WGi~6J
was studied for power ~ystem stabilization. Since a high spDed

voltage regulator reduces effective damping auxiliary stabili-

zing signals are required. Because of limited facilities only

a signal derived from rotor velocity of the machine could bE

used with tho excit-er. ji number of test- cases such as momentary

three phase short circuit, different omounts of torque ,-_stC3ps

were considered. Results ebtained in that study showed that an

excitation system equipped with terminal vcltage feGdback and

also auxiliary velocity signal were helpful in controlling

transients effectively.

The system considered in this study is exactly the same

as in the previous one. Though the types of faults considered

in that study could not be exactly simulated for obvious rl30SfJnSj.

the results obtained in this study indicate response similar

to those of the previous ones with terminal voltage and velocity

feedback signals.
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5.4 Field Current

In conjunction with normal voltage regulator action, 6

signal Pf8portional to the field current deviation from steady

st,a"t;eoperating point was tried as a stabilizing signaL it

was observed that a suitable combination of velocity and mogni-

tude of field current deviation signal provided enough positive

damping for the system. The field current signal alone and B

combination of velocity and fi.old current doviation (not magni-

"

tudeJ did not show at all any improvemont in transient stability.

D~ffBrent combinations of velocity and fiold current

signals wera considered for a 3 phase short circuit at the

generator terminals. Fig. 5.13 is a comparative;tudy o~ the

different amount of combinations of velocity and ,field current

signals. It was observad that the best gain fo~ field current

deviation with 20 times rotor velocity was- 0.5. To~ large a

gain makes the response oscillatory and may oven make the system

unstable. But this combination deteriorates transient stability

for all type of, disturbances except athreo phase fault at the

machine terminals. For other types of disturbances the first

rotor excussion increases and settling time becomes greater than

that ~ith velocity signel only. But a gain of + 0.5 was seen

to improve transient stability for'all types of disturbancG

excep~ that for a three phasa fault the above gain gives a

;Larger first rotor excussionwithoutdetrimenting otherqyantit,£@.,s",". . ~ ~ .

like settling time etc. This is quite apparent from Fig._.;r:~;;;:"'. '

; ,

j
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Fig 0 5.15. - 5.18 show the effect. of. fJ.eld curr'e'r:\tdevi~

ation signal on different types oj" system disturbances. The

disturbances considered are 25% torque stopj 50% torqJe pulse

for 6 cycles; a three phase fault at middle of tra~smissiort

line and a switching-in a parallel transmission line. Tho results

for these different cases ara tabulated at the and of tho

chapter.

A combination.of velocity signal and magnitude of field

current deviation signal showed sufficient impro~ement of trsn-
>siant stability over velocity signal aloneo Since disturbances

l.i'ketorque steps etc. effect a shift in- the steady field currer,,"

it is quite expected; that this additional signal in the exciter

forces the system to settle at a point different from the cxpac-

ted stable equilibrium state.

.)
.?r

,J:'
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5;5 Armature Current

Auxiliary stnbilizing signal propo~tional to tHe devia-
tiOM of armature current from stead¥ state value was fad to
the exciter of the synchronous generator: The a:rrrlelt:UreeiJrrent
deviation signal alone showed no improvement of tranaierit
stability. But some improvement in transient stability WM$
observed when the magnitude of the armature current l!Ii~lial

•. l- ' ..

was combined with velocity feedbac~ signal for a 3-' .H~rt
circuit at the generator terminals. Fig. 5',19 shows the a~i~g
curve and phase plane trajectories res~lilltiJe;\;,y.foX'this c:ase~
A gain of -0.6 was employed in the armature current feedback
lOop. for other types of disturbancss such as torque step,
pUlee etc. this combination of armature current and velocity
gives rise to unstable situation.

A d:i.fferentcnmtiin'lt:i.O""'"+ 0.4 times the armature current
deviation with 20 times ,£he speed deviation results in suffi-
cient improvement of transient stability for all disturbances
",'and
like step. pulse etc. Different states!trajectorie5 are plotted
in Fig. 5.20 - 5.23. For a three phase fault at machine termi-
nals this combination of armature current and velocity makes
the system unstable. Thus the armature current deviation signal
results in improvement of transient stability for so'me types
of disturbances and worsens response for others. Since t~e

",':
type of disturbance in a power system is unpredictable a
general armature current deviation feedback scheme can not
'be used for pOwsr system stabilization,.
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5.6 Torque Ang1e

A control" de-r'ved from th'" change of torque angle (o,{ Tram
to the

the steady operating value was fed/exciter in combination with

velocity signal. Swing curves and phase portraits for a number

of test cases have been presented in Fig~res 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 doviation is 1.00.

As can be seen from the figures, the rotor angle feedb3ck

signal is most effective in controlling the. transients. The

settling time is significantly small comparod to that for

velocity feedback only. For a 25% torque step (Fig. 5,'25) the

rotor anglo deviation and volocity combination brings the

system to a stable equilibrium point with simply one overshoot

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 feedback, the rotor

angle deviation signal changes the nominal excitation voltage.

thus changing the output power level. 50 for various disturnan-

ces like torque stops; pulses; switching-in and out of tran-

mission lines ate. the steady operating point gets shifted

from the desired eqt;Ji)ilii.i:p;:r~umpoints.



-85-

80

70

60
Lu
-.J
(:J
~ ~
"<l: •

0)
50Lu <lJ.

:::>:::
a
Cl:a
I-

40

30
o 1 2

I

3

I

4
I

5

TIME IN SECOND ----,

FIG. 5.24 SWING CURVES SHOWING EFFECT OF

TORQUE ANGLE DEVIATION SIGNAL FOR 3$ FAUL-!.

A - VELOCITY ONLY.

B - VELOCITY AND ANGLE DEVIATION

SIGNA L.

r,
'\." .., ..



4 5

FOR 25/. i TORQUE

-'001

-86-

2 3

TIM E IN SECOND ----' ••-

ANGLE CHARACTERISTICS

65 70

FIG, 5' 26 VELOCI TY ANGLE DIAGRAM FOR A STEP
(25'1.) INPUT

A - WITH VELOCI TY SIGNA L ONLY,

B WITH VELOCITY & L>6 SIGNAL,

.'



-87-

80

o
o 1 2 3 4 5

TIME IN SECOND

FIG. 5 '27 ROTOR ANGLE VS. TIME FOR SOX

TORQUE PULSE."

A - WITH VELOCITY SIGNAL.

B -" WITH VELOCITY AND LId SIGNAL.



-88-

120

100

80

20

o
o 1 2 3 4 5

TIME IN SECOND •

FIG. 5 "28. ROTOR ANGLE OSCILLATION FOR THREE
I

PHASE FAULT AT MIDDLE OF TRANS-

MISSION LINE"

A - WITH

B - WITH

VELOCITY SIGNAL.

VELOCITY AND L16 SIG NAL.



-89_

70

60

f
B

-.
()) 40
CI>
l:l
'-
•••••.....•
<:J
~

20<:(

o
o 1 2 3 4 5

TIME IN SECOND ~

FIG.S'29 ROTOR ANGLE VS. TIME FOR SWITCHING-

ON A PARALLEL TRANSMISSION LINE.

A - WITH VELOCITY SIGNAL

8 - WITH VELOCITY AND L1d SIGNAL



. , I,'
I

.~.

-90-
5.'1' Cb...pere-tiv" S.tudy e-f lHfPeront Stab iJ izing 5ignals

Thscffocts of various stabilizing signals on differsnt

types of systom disturbanc8s have been discussed in theprccooding

:sections. ThG differont figurDB of m~rit such 3S maximum swingi
sattling time cr~ givan in Tabla 5.1. Swing curvos for different

types of disturbances fnr 311 tho stabilizing signals attempted

,arc, shown in Fig. 5.30- 5.34. It is cJbvieus th8t, addition of "

stabil~zing signol derived from rotor velocity effects sufficient _

,im~rOV8mont in transiant perfurmance over voltage regulator ~ction

alon8. Further improvement can be obtained with 0 suitable cnm-

bination of velocity signol end mcgnitude of field current devia-

tion signal ,and alsn with 8 suitabla c'Jmbination of volocity

signal and tDrqUG i'Jn(jl",deviati'Jn signal. In'both cases the steady

~t8tO operating p~1int shift ~rom the f~XPBct8d 0p8T2ting point for
disturbances like torque steps atc. This is of no problem since

stondy ~tatL.opcr~ting p(":int c~n be Q~just8d easily.

,From,an inspccti~n of th8 swing CUrves for different

faults Bnd disturbancGs on the s~stom it can be seen that A

velbcity ond rotor angle feedback 8ign31 combination removes the

transients most Gffcctiv~ly in cDmparison t~ any other stab ili-

zing signal. Howover, the change in steady operating paint is

maximum with this ~Dmbination. Though for disturbances like torque

steps etc, the nGxt best combin8tion is velncity ~nrl armature

our8entdGviBtie~,this CBn net b~ used as e stabilizing signal
, . ,ih general since it providespositivo damplng for some typo of

disturbances ond nega'tiv8 dampin,) for [,thers. Though the settling

ti~e increases with the field current and velocity combination

signal it is quittsBtisfactory in terms Df shift of the steady

op8rating point.

.
" :~
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. ,
FindType of Stebiliz:tng signal First rotor Settling rotc r

disturb ance excursion time, angle
( deg. ) (Sec;) (d"S')

a) Voltage r.eg. only 75,0 10. :1 60
b) "n 75,1 3;35 60

c) 2 74.5 3~3 60L 3~jIl fElult -n + pn,.
at 60 dJ n + j4ifdl 79.8 2.4 60

e) n + IAial unstable ~

f) n + .4'0 73 1.1 '59.9
,'",

a) Voltage reg.only 56.5 10~0 45
b) n 56.3 4.3 45

2. ::J-tJ fault c) 2 56.3 \ 4.3 45n + pn
at 450 d) li3ifdl 62,5 3,2 45.2n +

e) n + /4ial unstablo t~f) n +L':.o 55.4 1.3 44. c'

a) Voltage reg. only 7L3 12.0 58
b) n 66.1 3.85 58

3. 25~ step c) 2 66.0 3.75 5845° n + pnat
d) n + ILlifd' 55.6 0.9 53.6
e) n + jLlial 52.4 0.8 51.1
f) n + 40 51. 4 1.1 50. ;,

a) Voltage :reg. only 88.7 12.8 65.8

4 ,4U%s~ep b) n 78,.3 3,15 65.8
t:) 2 3.1 65.8at 45 n + pn 78.3
dJ n + \Liifdi 60..6 LIS 57.8
e) n + 14i I 55.8 0.9 53.9a
f) n + AO 54.9 0.65 52.7.

a) Voltage reg. only 64. '9 9.0 60
b) n 63.•4 1.65 6D

5,. 15% TorG(ue c) n '+ p,h2 63.4 1.60 60
puls'e at 60° d:) n + lAX 1 61.6 0..:6 60
for 6 cis ' fd

1 •.55e) n + IAial 61.8 60
f) n + 40 61.6 '0 •.4'5 59. '9 ..,
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"G ai n5-: Regu lator

Velocity

Table 5.1 RBsults 1n Brief.

= -20

= 20

Ac-cBle-ration - -10

Field, currant = 0.5

Armature_ current",- 0.-4

rorque angle = lorJ
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3 4 5

TIME IN SECOND -----3:J'~

FIG. 5'30 SWING CURVES SHOWING EFFECT OF

DIFFERENT STABiLiZING SIGNALS FOR

THREE PHASE FAULT.

A - VOL TAGE FEEDBACK ONLY

B _. WITH VELOCITY SIGNAL.

C - WITH VELOCITY AND FIELD CURRENT

DE VIA TlON SIGNAL.

D- WITH VELOCI TY AND TORQUE ANGLE
DEVIATION SIGNAL.

, ..~
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FIG. 5 '31 TORQUE ANGLE CHARACTERISTICS FOR

25/. TORQUE STEP.

A - VOLTAGE FEEDBACK ONLY

B - WITH VELOCITY SIG NAL. '.

C - WITH VELOCITY AND FIELD CURRENT

DEVIA TlON SIG NA L.
D - WITH VELOCITY AND ARMATURE CURRENT

DEVIA TlON SIGNAL.

E - WITH VELOCITY AND TORQUE ANGLE

DEVIATION SIGNAL.
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FIG,S'32 ROTOR ANGLE VS, TIME FOR SOX

TORQUE PULSE.

A - VOLTAGE REGULATOR ONLY

B - WITH VELOCITY SIGNAL

C- WITH VELOCITY AND FIELD CURRENT

DEVIATION SIGNAL.

D- WITH VELOCITY AND ARMATURE
CURREN T DEVIATION SIGNAL.

E - WITH VELOCITY AND TORQUE ANGLE

DEVIATION SIGNAL
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o
o 1 2 3 4 5

TIME IN SECOND

FIG. 5 '33 ROTOR ANGLE OSCILLATION FOR THREE

PHASE FAULT AT MIDDLE OF TRANSMISSION

LINE.

A VE LOCITY SIGNAL ONLY
B -WITH VELOCITY AND FIELD CURRENT DEVIATION

SIGNAL. '

C - WITH VELOCITY AND ARMATURE CURRENT

DE VIATION SIGNAL.

D - WITH VELOCI TY AND TORQUE ANGLE DEVIATION

SIGNAL.
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FIG. 5 '34 ROTOR ANGLE VS. TIME FOR SWITCHING-

ON OF PARALLEL ,TRANSMISSION LlNEi

A- WITH VELOCITY SIGNAL.

B - WITH VELOCITY AND FIELD CURRENT'

DEVIA TlON SIGNAL.

C - WITH VELOCITY AND ARMATURE

CURRENT DEVIATION SIGNAL.
D - WITH VELOCITY AND TORQUE ANGLE

DEVIATION SIGNAL.
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5.8 Effect of Time Cor'lstants"nd' CGiling Voltage

To study the effect of exciter time constartt and the

Q~iling voltage on transient perfotmance of .the power system

a six cycle thTG8 phase fault at the machine ter~ihais ~ai con-

sidered. Fig. 5.35 shows the swing curves for different exciton

time constant. A larger time constant of exciter deteriorates

the transient response and in absence of adequate stebilizi~g

signal the system may become unstable. However on auxiliary

stabilizing signal may offset the detricration of response due

to introduction of large time constant in the exciter. ThGuSh

the system mey remain stable in such cases. the first rotor

excursion increases and settling time may also become larger.

A small time lag is inherent in terminal voltage feedback

cir.cuit of tho rectifier excitation system. A larger time cons-

tant in the voltege deviation sensinq although shows some

improvement in the case of '3 three phese fault at machine ter-

minals. it deteriorates transient stability for other types of

disturb"ntes on the system.

The excitot ceiling voltago is of significance under

conditions of large disturbances where the gain and time constant

per~it the cuiling voltage to be reathGd. The transients duc to

a disturbant"Erwould be controlled more effectively if'"'theexciter

volta'g:8could' be incroased to a large valuo. But due to physical

cor\sticiJ!nts.the' exciter voltage can not be increased indefini-

tely," Fi"g.5.3"6'shows tha s\ving curves for two different ceiling
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voltages viz. 2 p.u. and 4 p.u. A highGr ceiling voltage glv28

a smaller first rotor excursion and an improved damping. A

negative exciter ceiling voltage shows no significant improve-

ment in this caso.



-100-

80

70

1 60
.....
t;il
CI>

"'-
Lu 50
-.J
<=l
<:
~

40

30
o 1 2

TIME IN, SECOND

3 4

•
5

FIG, 0' 35(A) TORQUE ANGLE CHARACTERISTICS

SHOWING EFFECT OF TIME CONSTANT ON THREE

PHASE FAULT (WITH VOLTAGE AND VELOCITY

FEEDBACK) ,

A - TIME CONSTANT 20 m Sec,

B - TIME CONSTANT 100 m Sec,
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FIG. 5"35 (B). TORQUE ANGLE CHARACTERISTICS

3 PHASE FAULT WITH EXCITER

. 'CONSTANT 500 m Sec.

A - VOLTAGE AND VELOCITY FEEDBACK

B - WITH VOLTAGE FEEDBACK ONLY.
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FIG. 5'36. ROTOR ANGLE

RENT CEILING

A - CEiLiNG

B - CEIL ING

OSCILLATION WITH DIFFE-

VOLTA GE (3 PHASE FAULT).

VOLTAGE 2'0

VOLTAGE 4"0



CHAPTER 6
COI~CLU S IONS

6.1 Summary and Conclusions

A synchronous generator connected to infinite bus through

a transmission line have been represonted by a sei of first ordor

non linear differential equations. ThesG equations ~epres2nt the

sy'stem completely under any conditions - steady state ~n~ tron-

sient under balanced threo phase operation. These equations
,

contain coefficients which depend on parameters such as in, ~tia

constant, resistanco, solf and mutual inductances Df diff~r~nt

circuits of tho synchronous machine, resistance and reactance

ef transmission line etc.

Various tests were perfDrmed on alabDratDry machinn ~D

find the different synchronous machine parameters. D.c. mssvuro.

ment Df inductances was prefored to cGnvuntinnal a.c. bridgc'

;""thod since, as discussed in section 4.1, the inductanc[] wfich

govern the machine behaviour is that to direct current. For

measurement of large inductances such os solf inductonce of

fisld coil, mutual inductance between stator and field a stcrege

Dscillosco'pe can be used as the d8tectDr in the d,c. induct3ncG

bridge. Fer small inductances such as direct and quadrotur', sxis

synchronCJus inductonc8 a bqllistic galviJnom8ter or a flux m ~tc3r

shnuld be used as dctector. Due tn nonavailability of these

instruments direct and quadrature axis synchronous inductanc"s

w,ere rriciasurodby slip test. The inertia cDnstant 8f the synchrc-

WJUS machine was measured by retardation test which i's.me,re

precise than the usual dynamometer method Df measurement.
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Power system computations are generally done in per unit.

As disculsed, thoreis no unique system for pe~ unit Conversion

of quantities in the case of rClti'ltingmachin,os. A comparative

study of differont per unit systemshevo boen carried out ond

the unit voltago base systsm was found to bo suitable. This

system of convorsion was employod in this study.

A mathematical model of the eloctrinic excitation syst3m

is developed., The transfer function of each block of the excita-

tion system was found from circuit configuratidn and compared

with oxporimental results. A simplified representation and an

overall transfer function of the excitation system was dorived.

The effectivoness of the excitor for power systom stabilizatiDn

have been studiod.

Excita'tion control offers one of thu best methods of

reducing transients in a power system. But a high speed voltage

~Bgulatnr dotoriorates system stability. To improve transient

performance with such an excitation system addit~nnal stabilizin~

signals 'are required. Search for different Itabiliz~ng lign'als

have beon carried out for a number of disturbances, in the s~stem.

A signal proportional to shaft speed deviation stabilizes the

transient disturbances quickly. This is in agreement with the

results obtaiffed oxporimentaly in' a previous study. Additi':Jn"rl

damping may 'be obtained if signals proportiunal to field current

doviation. or torque angle deviation 'is used in conjunctL:ri vJith

volocity signal. Considering all th~ figures of merit such ES

peak overshoot; peak time; settling:t.imo etc. The torque O'1Og18
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: ,

deviation signal in co~bination with to~ot ~elbcit~ ~ighal
"

exhibited best transient improvement; Tho fieid t~treht dovia-

tion and torque angle deviation signal alone showed poor damping

charach,ristics. Application of acceleration signal showed

slight improvement of transient stabilitYi It'was observed that,
for disturbances like torque step, line switching etc, the

additional stabilizing signals has the effect of shifting t~a

operating point to a new value after the disturbance has ceased.

This is quite obvious because of thB fact that the additi':n

of torque angle and field current deviation sigrial in the

exciter change, the excitation level of the system causino ~

permanent shift of operating point. Maximum shift of operating

point occurs with the torque angle doqiaticn signal. The ormatu~a

current deviation signal can not be used for stabilization

because it provides positive damping fr"r somedisturbanc6s and

np~atj\!e damping fer 2thers. The combination of various fS8d-
back signals for best transient improvement for different cis-

turbances were obtained by a number,of tria~s.

Tha affact of changB of vari'J'usparBmetcrs of the excit,',r

have also bean studied. Tho exciter gain has a very signific8nt

effEJct on first rCltor excursion. For a particula'r type cf

disturbanco,an optimum valua of exciter gain can be determin9d

fro:Jrn first rCJtCJr excursion and transient elimination viewpcint.

Deviation of excitEJr 9ain from eptimum value results ~n deterio-

ration of tr~nsi8nt stability. The exciter time ~onstant has

signific'ant effect on transient stability in Eibsence of additior\a~,
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stabilizing signal. If the exciter time constant is large, the

system may even lose synchronism for some type of disturbances;

Additional stabilizing signal offsets this deterioration

introduced by largo time constants. Th~ excite~ ceiling

voltage is pf significance under conditions of large disturbanco~

First rotor excursion can be minimized by driving the exc~tsr

to a higher ceiling voltage resulting in improved overall

transient performance of the system.

6.2 Suggestions for Further Research

Fur~hor areas of investigation include the search for

su~table stabilizing si~nal considering governor and prime

mover dynamics and damper winding in ~~esystem representation.

Transmission line representation .,heuld include distributed

capaci tan.ce.

Stability study of mu~timachinB system is of major imoor-

tanC~~ It i~ obvious that the amount of work in such a study

will be tremsndous. Rsalization of different stabilizing signals

for "on lins" application should be attempted.

/
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APP£NDIX~I

The data for the single machine infinite bus system was

found from experimental study. The system configUration is

give.n in Fig. 5.1.

Machine rating l~S KVAi230 Volts

xafd '= 1.0 H = 2;4
xd = 1.05 r = 0.1134a
x - 0.558 x = 1.56

q 0

rfd = 0.01542 r = 0.0425
0

xffd ,. 1.195 7:r= 0.02 Sec.

i..,

Tho operating points considered are

1) ifdo - 1.2 V = '0.74

ida = 0.2986207 [fdo= 1.2
iqci = 0.324558 eto = 0.662307

600 0.315751
[---"

a P
, \= =

0 0 ',&.:

2) ifdo = 1'.2 V - lj,14

ido - 0.24346 Etdo" 1.2

i = 0.264974 e =' 0.922192
qb to

a = 450 P - 0.264941
0 0
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APPE.:,NDIX_Il .

. PROGRAM5

1. LINE.:ARI5ATIONOf seR CflARACTERISTICS

2. CALCULATION Of STE/IOY STATE OPERATING POINTS

3. TRANSIENT STABILITY STUDY BY RUNGE KUfrA INTEGRATION
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II Jce UET9130f S~ROJ BI~WA~ ~lABlLIn PROBlE~
71 (prIoR LINK,lIST
/I EXEC ffGRTR~N
( slPi!ltFi lINE APPRU>IMAtloN of ~CR tHARAC1UIsIICs
(

[1.~ENS leN SCR!::f ),AlPt-AI:: / I ,EPO!.3 tl
RfHII,;:O,1 Cl,C;:,C~,Dl,D;:

20 FCFMH(~flC.~1
S C R ( I 1= 0 • C
[0 10 1-1,~1
SCRI H1J=~CR( I H~.C
tlPt-~1I 1=SCR( I 1*:: .14E~~Jl H. (
(2= C;:. tl H Al I 1 .

10 C4-(4.~lP~A(II**;
[0 II 1=], I~
EH ( I )= ) • U !* ( 1. ( .CO S I ALP AA ( I I ) I
C1= [H EF[n I

I 1 [;- t2. EFe ( ll* J!Lp FA! II
[0 12 1=J4,2f
EFE .( .I 1=:: • ~C~*(I • C .co sIAL P HA ( I I II ) 13. 1415 <jz- At FH J\ II ) I
C1=[.HEF[1 I l

12 U=t:!HF.U JI*ALPFA( II
E FE I 21 1= c. C
[ENOM=CI*C~-C,*c;
to: ([ J* C4-(;:* C,I/DENor~
t.l-IC1*C;:-C1*C;)/DENoM
WRJTEI3,Hl (~CR(11,EFDIII,I=1,.311

18 FOFM~l(aIL!1
WRlTf13,lS1 AC,A1

19 FOFM~1ItF1C.~1
CAll EX 11
EN[

It;.

/I EXEC lNKEcT
/I EX E C

31.0 G.C
It;.

n

( .( C. ( C. C

.~ •...... , ..:

, ..
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II Joe UET913C~ SAROJ e15~A5 51ABILI1) PROBlE~
II CFTIC~ LINK,LIST
II EX £( fFGRTRAN
C Joe 9130~ SAROJ KANTI BI5~A5,BlE1,OAeeA
C POWER mClE CLRVE
( SYSTEM PARAMETER5 }N THEIR l5LAL ~C1AIIO~5
C

11 REA[(I,.11 )O,XQ,RA,RE,>E,>AFO,)FFD,RFD,\,T~,EFO
<I 'fGfMn(l1F7.~1

W=311,.I~S.
[C= I(XJlFc* XA Fe J-I H FO* ( >0+ >E IIII ~
"='lXCHU/W
~7=IREiRAI*XFfO/OO
A8=-XFfC*IXEi)QJ/OO
A9=XFFC*V/CC
All=XAFC/OQ
'1.=- (niXE I/QQ
A13=-(RHRAI/QQ
A)t,=-V 100
A 1~=-X JlF C11M
• I~= (XC-XO IITM
A19=IXE*RFC*X.FCI/(k*ODI
A20=RE+IXE*)ffC*(REiRA)I/I~"'ODI
12 1=-( (X E*X FFe* (>E+)Q llil ~*DDI+)E )
.2.=-IXE*RFCJ/(~*COJ
•• 3=Vi((XE*XFfD*VI/(k*DOII
A21,=(XE*XAfCI/IW*QQ)
~.~=XE-( OC+)E 1*)E/( ~*QQJ)
A2~=RE-IXE*(REiR.l/lw*QOII
A21=V-(XE*V/(k*QQII
A28=VI (XCiXE J
A29=V*V* ()[-)O III I)<D+XE1*1 >Q+)E I)
F I=EFC/X'fC
CENOM=A7*AI3-AE*AI2
CELU=-I8C.C

53 CEl=CELTA/IEC.C*3.Il,I5S2
es=eos (CEL .1
S~=S IN ICEL I
CI=IFI*Ae*Al)'AE*AI4*eS-A<;"'AI3*5NJ/OE~C~
QI-(AS*AI2*SN-FI*A7*AII-Al*AII,*e5J/OE~(~
EC=AI9*FliA2G*CI'A.I*QI+A22*EFO+A23*5~
EO=~ 21,* fIi' 25*0 I+AU*Q I+A. He 5
EC'=EC**.iEO**.
ET-S'RT (HQ I
POUT= IF 1*A 1~.A It*C II*Q I'"(- 1M I
P=CI*V*SNiQI*V*C5
'0= EO* C 1- EC*Q I
'=CI*V*CS-QI*V*SN
pow ER= ('2E* EFC* 5N'A 2s* 5N*C 5 J
WRIT E (3, eC ICIt Q ItED, EO ,ET ,PC L1,PO ~.ER ,DE L 1A ,<; (, , ,f

80 fCRMAT OF 13 .8, FE .•l,3FlI.l.1
CELT A=CEl1Ai~.C
IFICELTA-IEC.{) ~3,~3,1I
ENe

1*
II EX£( LNKECT
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MAl IIPG~ CAT E 16/05177 TIM E

C JOB <;130f. 5AROJ KAIIlI 81 5~AS ,6UET ,DACCA
C TRANSIENT ANAL )515 OF POEP 5YSTE/I
C 5DLL:TlON 6 ~ RLNGA KL TTA /IE THCD CF 1 nEGRAT ICII
CST EP 5 I Z E 1 5 C. ( (5 5E C 0 liD 5
C

o 1MEN S 10 N )0 ( 7) ,AF (29) ,AF C (29) • Y (7) , A (29 ) , YY (7 ) " P K( (7, 5 I, CY {7 I
DO f:. 1 N= 1 , 7 ' --.
DO t 7 L= 1 , ~

67 RKCtN,L )=C. (
C
C INITIAL OPERAlIl\G CCI\OllIOS
C Y'S REPRESENT 5)5TEM STATES EDY'S ARE IIICRE/lEIITS
C

22 REAO( 1,5S) EO,E 10,OT,( YC(1 ),1 =I,7l
59 FORMA l( 3FlC.l:I7F Ie. 6)

T 10= 50 R l()O (2 ) ~ YO( 2)+ YO ( 3) ~ YC (3) J

W=314.1SS2
DC=( (XAFD*>AFOJ-( XFFO~( XO+XEI I I IW
QO=( )Q+XEIH
AF( 1 I=RFO*1 }Q+ ~E 1100
AFI 2)=IRE+RA)~)AFO/OO
AF,( ::)=-1 )E+)QI~)AFO/OO
A F ( 41= ).0 FO ~ \6 L UOO
AFI51=(-RFO~1 XO+)E» It XAFO~OO)
AFI f:.J=RFO~)AFO 100
AFI 71=(RE+RA) '*XFFO IDO
AF( 0=- XFFO"( )E+XQI 100
A F ( <; ) = ~F FO * \8 L 5 100
AF( lCl=-RFO /DO
AF( 111=XAFO/QQ
.oF ( 12 )=- I XO+ )E ) 100
AF( 1~1=-,IRE+RAI 100
.oF ( 1 4 )=- \6 L 5 IQQ
AFI 151=- MFO ITM
A FI 1 f:. J = I )0-)0) IT M
AFllll=TlNJlM
AF( Jfl=~14.1'5S2
AF( IS)=( )E*RFO*>AF01/( l\*00)
AF( 2()=RE+( )E*)FFO*IRE+RAl )/(\,*00)
AF ( 2 1 ) =- ( I XE OF F 0 * I XE+ x <:) I I (~~0 0 ) + X E )
AFI22)=-( XE*RFOI/( ~,*OOI
AFI 231=VBLS+ill XE ~XFFO~\BLSI II \'~OO»
AFI 24)=( XE '* MFO I I( ~ ~Q<:l
AF( 25)= XE- (I )O+)E I OE I( ~*<:C))

••



.~ IV ~teN-FO- 41~ 3-/:

-112-

f'lAI 1\FG f'I CHE 16/05/77 T 1M E I~,G(

AF( ,c)=RE--I )E*IRE+RA) I( ~.~~(»)
A F ( 21) = VB L ~- ( XE ~ \B L ~ / ( ~,q;:(;))
AF( ,E) =- VBU /( 1 f'I '* ( >D+ XE) )
AF ( 2 S 1=- \8 L S * liB L 5'* I XD- X(; 1 / ( ( X0+ XEI * (X I;+ X E 1*T f'I.)
IFIK.,EQ, 21 GO 10 21
DO 1 E 1=1, 2 ~

IE A FC ( 1 I =A F ( I I
GO TO 34

C
C GA INS AND llME CON~lAl\l~ ARE GI VEI\.
C

2] REAOI],631 GVOL,GVEL,GACl,GFlD,GCUR,GIlEG,T1,T2,EFCf'l.X,NN
/: 3 FORM AT( SF E, 4 ,I E I

IF(NN .EQ, 5 ) GO 10 22
IFINN,EQ,' Cl CALL E XIl
liRllE(3,4E)

4E FORMAT(IH],5X,'FI'1 ,7X,'0I' ,7X,'~I',7X,lEC',7X,'E~',7X, 'ET',6X,
2' E T I', E X' AN', B X, 1 EF 0 • ,8 X • ' VOE V ' ,7 X , 1 ACC l ' .•5 X , ' C El. T A' ,6X, ' TT ' / 1
1= e
f1= C
11= e, c
DO 64 N= 1 • 7

t:4 )INI=)O(N)
DO t 5 N= 1 , 2 ~

65 AIN )=AFI N)
GO 10 EC

•• DO it N= 1, 2~
7 t A '(N I'=A FC ( Nl

C
C LIMI1S OF CEILlI\G VOLlAGE
C

Be IFI)( 61 ,GE, EFDf'lX) )( 61 =EFOf'lX
IFI)ltl.LE.C,Cl )(6)=0.0
) 4,= 1 • C+) ( 4 1
E 0= A I 1 ~ ) '* VI 1 H.A ( 20) '*VI 2 ) + A (2 [ ) ~V (3 ) *'11+ + A (22 ) *'1 16 I + A I 23 )* S IN I V I 5 'l )
EQ= I A I 24) '* ) I 1 I +A ( 251 *) I 211 * )/t+ A 126 1 *'1 13 I + t (27 )* CCS I V ,(5 J )
EGQ= ED**2+EQ**2
ET=SQR1IEOQI
ACCL=A( [,HtAI 2EI *\( 6)+AI2<J1 *CCS(V (5))) *s I 1\ (V 15,1)
VERROR=E 10- )17)
OOEL=( '1151-'-'10(51) 1Y0(5)
1 1= SQR 11 )( 21 *Y( 2 I +\ (3) ~) ( 3) )
ClRR=,(1l-T10) III 0
FCLR=I )( 1l- \(l{ 1)) IYOt 1)
IF(I.!.l. 24) IIERRCR=C,C

C
C SlABILIZING SIGi'lAL~ ARE AFFLIED
C

EE= VERROR +G liE L *)( 4l+GAC L '*ACC l '*ACC l
IF( I-II,) I5,2C,15

2C M=M+2C
IF{ I.L T, ECl M=M-12
VDEV=(E1-EIO)/E10
DEL TA=)I 51'*IEC.Cl3.l'41592
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r.H E 16/05/77 TIME
I.R II F ( 3', Ea 1 ~ I U, Y( 21 , Y( 3 ) ,ED ,E Q ,E T ,Y (7) ,Y(4) ,Y 16 ) ,V CEV, ACCL ,
,DEL 1A, 11

BE FORI~Al( 7F~ .• 3,5Fll .•~ ,F7.2)
C
C IN1EGRA1ION LOOP ~1AR1~
C

RKC I 1, L) =A I 1) 00 \) ( 1 )+ A ( 2 I ~YYI 2 ) + A ,(3 I ~YY (3) ooyY4 + A (4 ) *5 IN 1YY ( 5 ) l-+
,AI~I*nu) -
RKC ( 2, L ) =A I 6) * 'y)( 1 I +A ( 7) ~YY (2 ) + A (B ) ~'YY (3) ooy Y4 + A 19 .1*5 J N IY Y 15 ) .1.. .

,+AI lC I*Y\1 f:l
RKC( 3,L1=IA( 1l.I*YYll)+A(12) 'IYY(2) I *YY4+/l1131*YY (31+
,A( HI*CO ~( \)( 5) I .
RKC ( ~, II =A( 17 I +A I 2 B I * YY( 6 ) ~ S I~ ( YY( 5 I ) + Al 2 9) *s I ~ (YY( 5 11* COS (Y Y ( 5 ) )
RKC{ 5,ll=AI Ie) OOnl~) , ,
RKC ( b LJ = ( GREG ooEE - )Y ( 61 + E c) III

6C RKC{ l,ll=1 G~Ol~'E 1-HI 7» /12
DO H N=I,7
D ~ ( N J= I R KC ( N ,2) + 2" ~R KC I ~ ,31 + 2. ~ RKC( ~ ,4) + P KC I ~,5 ) ) * CT /6.0

C
C N Eh VAl UE S OF ~YnE f' ~ 1A 1E S
C

If 'yIN)=Y(NI+DYINl
11=11+Dl
1=1+1

C
C 1RAN~IEN1 BEHAVIOlR I ~ SlLDIED FCR FIVE SfC(~CS
C

IFlll-5.1 ES,21,21
ae; IF{ABSIY(5)'/-1C.Cl 100,1CO,66

C
CAS 1) C YCl E FA Ll1 I ~ A P FU ED
C

IC( 1Ft 1-2~) EC,33,E(
U hR llE ( 3,17.1
17 FORMA11 /120,3CH1HE ~ACHlf\E L(SSES snCHFOISf'1

GO 10 21
END
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