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Cimesa . ABSTRACT

Recently the problem of dynamic instabili has been.

increased due to the recent trends in synchronous machine

design and the growth in the relative size of the power

stations.

In this thesis ‘such a problem has been examined by

« : ) T

analysing the damping and synchroniéiné torque coefficients.
Different methods for calculatlng those torqué coeff1c1ents
have been rev1ewed and a new method based on a more

accurateﬁrepresentaticn for the machine'has been developed.

Because of the more detailed representation the new

resultant torque coefficients permit the- 1nvest1gatlon of

‘addltlonal propertles of those coeff1c1ents, as well as

more, precise analysis of the properties prevxously studied.

The problem ' weak or negat1§e damping assoc1ated
with the use of hlgh(%?ln and quCk response statlc
ekc1ters has been glven special attention. lefgrent
schemes ﬁor Produc1ng a stabilizing signal have Béen
discussed. A deéign procedure for a stabilizer which
aé;ug@s successful operation over the Qhole generation

range has been outlined,
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CHAPTER 1

INTRODUCTION

1.1 Power System Stability Concepts

»

Originally the maximum power output oflsynchronous
machines was fixed by the maximum current which ;he machines-
could supply without excessive heatiﬁg, while the maximum
power which could be transmitted economiéally.over a
transmission line was determined by the allowable losses

[

in the line.

However, in the recent years most of the generators
aré connected together to form a large transmission
network. Power system generators connected through a
transmission network must run in synchronism, t?at is, at
the same average speed. The shift in load betwéen
generators is a nonlinear function of the difference in
rotor angles, and above a certain angle difference,
nominally 90°, the incremental load shiff due to incremental
angle reverses, and the forces which tended to reduce
speed differences become forces tending to incréase speed
diff?rences. This in eésence, is the "loss of synchronism”

phenomenon. Because of changes in levels of kinetic

energy, recovery of synchronous operation is uncommon.

Power system stability is primarily concerned with

i-



variations in speeds, relative rotor positions and

genefator loads. It is useful to identify three types of k;>

" stability studies.

a) Steady-state Sﬁabiligx

Steady-state instability is possible but an

improbable event in larée powe¥ sy;tems. In the simple§
hypothetical two machine system, loss of synchronism will
occur if an attempt is made to oggrate with an an;le of
éeparétion Hetween machines that is greater than 30°. For
practical multimachine systemét large éngle differences

also tend toward steady-state instability, but it is not

feasible to define the limits in terms of angle differences.

b) Dynamic Stability

Dynamic instabilify is more prdbable thén steédy—
state ihstability. Smail speed déviations occur continuously
in normal operatidn with cdfresponding variations in angle
differegces and generétor loads. If the variétions.
resulting from any initial change diminish with time, the
system is -said to be dynamically stable."QOnversely, if
these variations in the form of oscillations, increase with
time, the system is dynamically ‘unstable. Due to the
effects of nonlinearities, such oscil%ations may be limited
at somé’maghitude, or théy m;y increase to the point of
loss 6f'synghr0nism and system breakup unless some inter-

vention occurs. Also, it is not acceptabledtO'héve'a
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sustained oscillation in the system.

c) . Transient Stability

Transient instability may oc¢cur in any system
subjected ﬁo-a major disturbance. There 1is né lgmit to
the kinds of'disturbanées thch can occur, but a fault on,
a heavily loaded line which reguires open%ng the line to P
clear. the fault is\usqally of greéfest concern. The | , '!

tripping of a idadéd generator or'the abrupﬁ dropping of

} a large load may also cause instability. Usually,

distufbances alter the\system at least temporarily so that
the subsequent steady-state operation will be different
from that prior to the disturbanée. There is then the
necéssity for that alteréd'system to be stable in its new
steady-state. There is also the possibility that the _iﬁ
altered systeﬁ will be dyﬁamically unstéble, and thag

oscillations suybsequent to the disturbance will be

sustained or eventually increase in magnitudg to the point

of causing system breakup.

el

1.2 Factors Affecgﬁng Stability

a) Gemerator Short Circuit Ratio

In' general the maximum power that can be delivered
by a synchronous genefator depends upon éhe ¢haracter of
thé_;oad circuit to which the generator is connected. |
Prévidhsly synchronous generators had been dééigned with

a high enough short ¢circuit ratio (S.C.R. = field current



!

for rated voltage on 0.C./field current for rated armature
current on $.C.} and lines with a low enough reactance.
High short circuit ratio was useful also in providing

- inherent voltage reguldtion. However, the recent trén@fﬁs to

- design synchronous gencrators with a low short-circuit ratio’

S . —~
which has the advartage of reduction in initial cost and
improvement"in“efficiency. Operation of such generators
becomes possible with the use of a continuously acting

voltage regulator.

b} Voltage Regulator

* It has been found that the use of a continuously

acting regulator will pérmit stable operation of a
syn€hronous generator in.regions where such operation is
not possible with either Tmanual cpntrol.or regulators wiﬁh
a dead'band.- Undér conditions df;a large transient
diétu}bance, e.g., fault, the reéulator has an additional
fqnction to perform; viz, to rapidly effect a substantial
inéx@ase in the eiciter voltage, thué reducing the decreése
of field flux'linkage§ which would otherwise occur.

.. Generally it can be said that when an appropriate type of .
régulator‘is employed a.largg éaiﬁ in stability.is

-

available.

5 -

¢) Excitation System 3

The gains in stability which can be effected by a

'vqltage regulator of a given type depend ﬁpon the rate of

S
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- voltage build-up of the exciter epﬁ‘upon its'operating and

-ceiling voltages. Static exciters have the most desirable

»

characterlstlcs in this respect.

The ex01tatlon control must meet several requlrements

which are to a certaln e%ﬁent, conflicting wtth each other.

In the steady state its malnetask is to lncrease the power

limit\ of the machine, ke&piny a pre—selected bus voltage
. =

_profjle constant, in spite of the wide but slow. variations

£ the demand. It has tq damp out any electromechanical
oscillat;ons‘following smell disturbances. Doping the
electromechanical transient following a major fault on the
network the excitat;on'system should share part of the
responsipilitx in maintaining synchronism.

. '{L\J
d) Governcr

The prime mover contributes positive damping which

tends to damp out oscillations resulting from distnrbances.

The prime mover demping results from the increase in shaft

torque with the decrease in speed and vise versa. The low

frequency oscillations can be damped if ‘turbine power could

be varied automatlcally with the right phase relatlonshlp

to oppose changes. Such a turbine control when in operation

successfully prevented oscillations up to 5 cycles/minute

[1] from building up to levels that caused the tie'liQe to -

trip. ) E f
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e) ' Amortisseurs

In general'any damping influences in a systém tend

to improvg\ﬁtability, and especially in connection with
_ systems involving a number of independent machines eacﬁ of
"which is Capéble of swinging more or less indépendently of

‘the others. Further when high resistance lines are

involved, stable operation of a laminated pgle machine

* without damper windings may be impo#£sible under some load

conditions. Consideration of thes¢ factors suggests the

general desirability of equippling synchronous generators

with amortisseur windings.

3

1.3 Object and Rational of this Thesis

The main object of this thesis is to improve the
dynamic stability of a synchronous machine connected to an
infinite bus through a tie line. Such an object-has - been

achieved by analysing both daméing*and synchronizing torques

of. the systeﬁ. Synchronizing torque iskthe-torque component

.in time phase with the angle Aé, positive synchronizing is

assumed to restom the rotor angle of thé machine following
an arbitrary small displacement of this angle. Damping
torque is the component in time phase with t?e\ﬁpeed AW,
positive damping is nécessgry to damp out os&%llations‘due
go any perturbation. |

Different methods of calculating and analysing such

torque components have been reviewed [LO-16].. ~All of these



e B S g R i 1 N T gy

[T

—

e

"papers used a simplified model to perform the analysis. A

e method has been developed to calculate the damping and

synchronizing torque coeff1c1ents with a complete modellng

of the system. Such a method makes it p0551ble to explore

the contribution of rotor torque components to the Qamplng
and synchronizing torque coefficients. The factors

affectlng such torque components have been dlscussed [19-21]

and new propertles have been revealed [29] u51ng such a

<

new technlque ' : - L ‘ e .

It has been found that the problem &f weak damping

--—_//

is the main concern. Different recommendations are given

' 4
to determine the system payameters to maximize the damping

»

torque.
The problem of weak or negative damping associated

with the operation of the high gain and quick response

static exciter has been discussed. One can enjoy the high,

.perfo#mance of a static exciter and provide the required
dampiﬂ? by en edditional stabilizing signal.

The methods of analysing and desiéning such a
stabilizer have been reviewed [30-33]. A new;su9595tion to
modify the stabilizer to provide the desired influence over

the whole generation range has been introduced.

.
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é{ *  CHAPTER 2
SYNCHRONOUS MACHINE MODELING ° ' -

~

2.1 SynchronOus Machlne Equatlons ' .

- Slnce tHe problem of powex system stablllty is to
\\.
determine whether or not the various synchrOnous machlnes

AY
‘iﬁ\the system will remain in synchronism with one another,

Q

\ : : ) .
the‘eharacteéﬁstics of those .synchronous machines obviously

pla an important part in the, problem.

\ Classically, the theory of the syﬁchronous machines
Ay ' K

wa preseeted in terms of travelling air gap flux, current,

d e.m. f\ waves. Thisftheory has the advantage of close
dherence ta the thSlcal realities within the machine and

serves excellently the limited puxpose of explalnlng its

elementary steady state operating characterlst1c§ This

L~J L

//,«3' approach becomes 1mpract1cal when it is necessary, as in
the case of this study to explore the behav16ur of the
machine under dynamic conditions and its interaction with
the external network. ,Thus a more detailed representation

n

on the direct and gqguadrature axes will be considered.
s .

2 2.1.1 Direct and Quadrature Axes pefinition -

The direct and guadrature axes have been cheseﬂ as
A shown in Figure 1: ' N
. l M‘Direct Axis: 'centeriine of a north pole; positive
d;rection is taken in direction of field-winding

Y . 8 \
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\\ produced magnetic flux. R

EJ

_ Quadrature Axis: 'qenféflinerbetween poles;

'positiveudirection is taken as leading the posifd //.
{ f\‘//K

direct akis'by 90 electrical degrees.

The phase currents can be resolved [2]:

-

id = cd[la cos § + i, cos(6-120) + }¢‘§05(6+l20)] (1a)
,lg = Cq[la sin 6 + i, sin(0-120) + 1, sin{e+4120)] (lb?

. Two numerical values for cdrand éqfhave appeared

in the literature; 2/3 and /573. Appendik IT. | .

A éhysical interpretapion of the new variables caﬁ
~.be explained as we know the‘m.mﬂf. of,eaqh armature phase,

\ _being siﬁusoidally distributed in space, may bé represented
by a vector the direction of which is ﬁh@t of the'phasé
;axis and the magﬁitude of which is proportional to the
- instantaneous phasescurrent. HThe combined m.m.f. of the
three phases may 1ikéWis¢ be feprésented by, vectors. The
projgdtions'of the combined m.m.f. vector on the direct
and quadrature axes aié equal to the sﬁms of the projecti&hs
of. the phase m.m,f. vectors of the respective axes{Ls given
by the expression for id‘and iq egquations (la) and (1lb). ‘
Thus id may be interpreted as'tﬁe instantaneous current in

_\_\iingfitious armature winding which rotates at the same
' speed as the field winding and remains in such a position '

that ité axis alwa¥s coincides with the direct axis of the
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field, the value of the current in thi’s winding being such

that it gives the same m.m.f. on this axis as.do the actual

A

three ;nstaéfaneous armaturc phase currents ;low1ng in the

actual armature windings. The interpretation. of lq is

similar to that of id.ekcept that_it'ipts in the quadrature

. axis instead of the the direct axis.

2.1.2 Park's Transformation”

fhe equationswdf the sYnchrqnoﬁs machine may be
grgétiy simplified by proper substitution of variables.
That is, a set.of fictitious currents,‘voltaées, and flux
llnkages will be def;ned as functions of the actual currents,_
voltages, and flux linkages, and the equatlons may then be
solved for the new variables as functions of time. The
éubstitution that we are going to use is given by Park [Zf?

It is commonly named Park's transformatlon

Park replaced the actual armature current b¥ new

fictitious currents ld"iq’ and lo in accordance with the

folloWwing equations:

Lo 2., : el o '

ig = §[la cos 9 + i, cos (6~120) i i, cos(6+l%p)] 2a)
C_ 20 . C el C '

lq = 3[la sin @ + ;b sin(e-120) + lc gin(6+120)] (2b)
1., . . ’

ip = 3§1a + i+ 1] _ o (2¢c)

Similar transformations are made for armature voltages and

for armature flux linkages. Thé voltage equatioh: -

gy &
v r 1 f at
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is transformed to

L
i

- v,
vg = T ig t (g . | (3)
¢ d
' - . ) s . .
where (%%) is introduced as an abbreviation for the direct
d : P

axls component of the rate’of change of the phase flux

linkage and should not be cohfused'with'%%§ . Indeed, the

latter, found by differentigting v, with respect to time ~ -
" is:
ayy -

o m—— = d_lp ”
gt (dt)d + qu (4}

Substituting the value of (%%) from equation (4) into

_ dwd ‘
Vd=r_ld+-a?““m\[)_q‘ ] 7 (5)

equation (3) we obtain

Proceeding in the same manner with vq;'we obtain

i d‘l’g : .
. vq = r 1q + at + mxpd | (6}
Also : ‘ - e
. . . dv,
. N ) VO = I l0 + -a? ) (7)

'We shall limit our concern-to the case of a balanced system
where the zero sequence term eqﬁations {2c¢) and (7)
disappear. Transforming ‘the e@uations to the .complex form

and taking the direct axis as ‘the axis of real gquantities:

e=¢e., + je

=3
]
A=
+
o
=

i
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(where the superébript -t indicates-a complex quantity.
The voltage equatlons prev1ously obtalned may be trans-

formed into the correspondlng vector form

e=py~xr i+ [po] 3y (8)

2.1.3 Equivalent Circuits [3]
| Equivalent-cir;uits_for tfansiént conditions can )
be estgblished véfy easily from flux linkage relations. |
This ignores geqerated ﬁoltages; however, gené;;%éd voltages
can be allowed for by introducing theﬁ‘as voltage sources.
Figure 2 shows two equivalent circuits; one for
each axis, which can be used to assist‘in analysis of tﬁe
synchronous machine. These equlvalent cmrcults,'ln which
the elements are operatlonal 1mpedances, provide a
convenlent method cf stating the relationships, and are
often of assistance in obtaining numericai, results. Figure
2 represents a éynchronous machine in ch there is a
single damper circuit in each axis, sihilér equivalent

circuits with more branches can be derived.

2.1.4 Phasor Diagram

Flgure 3 is the IEEE recommended phasor dlagram (41,
it is drawn for the steady~state operatlng condition of a
synchronous generator operating at an overexcited power

factor with balanced pélyphase currents,
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'This diagram can be built up by adding to the

terminal voltage e the voltage drop across the armature

tr
_resistance and- the voltage drops representing the
demagnetizingaeffects along the direct and quadrature axes.

Then neglecting saturation,

S | Eg = ey ¥ 1, i, - xg i+ 3 xg 15 (9)

Ih transient stabi;ity studies, particulariy those
involving short periods of énalysis in the order of second
or less, a synchronous machine can be represented By a

~ yoltage source behind transient reactance that is cbnstant
in magnitude but changegs its angular position. This
representation neglects the effect of saliency and ;ssumes

constant flux linkages and small changes in speed. The

voltage back of .transient reactance is determined from

i

[ I i o+ 3 x!
EP e, + r_ 1 ] f a 1a

t a "a
Wheh this representation of the synchronous maéhine is used
for network solutions, the equivalent circuit and phasor ~
diagram of Figures 2 aﬁd-B are simplified as in Figure 4.
" The guadrature céﬁ&onent;of vdltage'back of

transient reactance from, the phasor diagram is

' - - = ! . ’
Blq = Bg = d¥gmxig) 4

Where E'q is the voltage proportional to thé field
flux linkages resulting from the combined effect of the

field and armature currents. Since the field flux linkage

(10)
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.

does not change instantaneously following a disturbance,

E'q_also does not change instantaneously.

T

2.2 Per-Unit Represcntation ‘

The pracﬁicé of altering numerical values, network.
parameterss variables, etc. throﬁgh division by one or.
more positive constants is an old one. The anélysis of

synchronous machines is dependent upon both electrical

quantities and mechanical guantities.

—n

2.2.1 Electrical Quéntities

The progreés of synchronous machines analysis has

_.been c¢haracterized by the recognition of an increasing

number of rotor circuits and by an accompanying need for

accurate numerical data on the impedances of these additional
?Btor circ;its.. The "impedance measured from the stator is
converted to per—ﬁnit by dividing the physical value by
the selecteq unit value of statér ohms %20 {universally
Eéken.as phase voltage divided by phase current); the
per-unit impedances of the various elements in the rotor

circuits are obtained by transferring the corresponding

physical impedance to‘the stator by some effective stator-

rotor turn ratio, and dividing the transferred values by

x The various rotor circuit impedances published by

a0’
3 i

any one investigator usually are consistent among themselves

"when studied indgpendently, but the per-unit impedances

published by different investigators do not always agree



18

when compared, because.the dif ferent investigators do not
necessarily select the same effective turns.rétio.

The definition of Rankin [5], which‘has becqmg
commoniy aécepfed{ will be used in this study. The base
cqrfent‘ratios are defined as the ratlo of rotor c1rcu1t
currenté_éelecéedlas bases to 3/2 the peak value of rated,

1 - I

stator phase currents.

1 L4
Mg ‘
xd = o ‘ {11)
ao :
L .
_._ad T ‘
Xaa =T . ' . a2
al
) « - 3 lafalfao (13}
afd 2 L 31
al = "al
2
X - 3 Laxd deO ‘ (14)
-, axd 2 LaO 3 lao .
2
’ 2
X -3 “££d (Ifdo \ (15)
f£a 2 L 3 1
a0 \3 a0 /
3 aflt do. 2
XX X
X .= = : (16)
xxd .2 L.o (3 la0>
2 .
3 Iyra [ Teao-Txao
% 3 (17)
g a0
.. _.._..5R I 2 '
s 3 RE g
' 2 al \
2 ' , =
r =35 5519\ ) | (19)
X 2 X0\ tag) \
N2 9 :
. ‘i ‘£§$<
n_‘ﬂ-f:f.f,,-
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The per-unit values of the rotor circuit voltages

are.given by the following formulae

> _
o = 'fd( £40 Y
£d 3 1 .
\\\? . €a0 \ 3 aO)
A e - PxafIxao
xd 4 €a0 g *a0

~

The direct axis field w1nd1ng current as obtalned

in any per-unit system defined by the foregoing formulae
L

wrll be in per-unit of the selected base current I’ but

£d40’
the currents of all the additional ‘rotor circuits, are

expressed in per—unlt of the base current of the Xth dlrect
~axis addltlonal rotor circuit, with the xth circuit

submissive to free selectlon. .

"Rankin [6] defined the base rotor currents so that
e

oy

~the mutual impedances (Xafd’ X Xfx) for™a machine with

one additional circuit are equal. These bases are hence-

acd’

_u4§grhh termed the equal mutval bases

de‘? xafd = xaxd = xfxd (20)
Equating equations (13), (14) and (17) gives the base
current ratios in terms of the mutual inductances

corresponding to equation (20).

2.2.2 Mechanical Quantities

*In oxrder to determine the angular displacement

between the units of a power system during transient
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~conditions, it 1s necessary to solve the differential

‘equation describing the motion of‘the machine rotors. The

net torgue acting on the rotor of a'machihe, from the‘iéws.of
mechanics related‘to rotating.podies, is

T = ﬁ a : {21)
where a = mechanical angulaf acéeleﬁation rad/sec?. &The.‘

electrical'angular bosition 6, in radians, of the rotor

. ‘ \ . - .
with respect to a synchronously rotating reference axis

is
o — _ 15}
‘ ‘ § —‘Be LuOt 5N
Thus the acceleration « is given by
; 2
- rpm d<4§
* 7 ®0f atz
p .
‘It is degirable to express the torque in per-unit.
The base ‘torque is defined as the torque required to
develop rated power at rated speed.
— . .
Base Torque = base kzamXIOOO
27 (—E—BO) )
where the base torque is in Newton-meter. Therefore, the
. torgue in per-unit is T T
2n .rEm)Z
f 60 d2s

T =M {3se kva XI000 at

The inertia constant H of a méqhine is defined as the
. - Z.
kinetic energy at rated speed, in kilowatt seconds per

kiloyoi%—ampere. Thé'kinetic enérgy in kilowatt secdnds
e ‘



et
)

where

and rpn is the rated speed. Therefore

1 {(2m)2 (rgm)z
H=3M N 607 .
base kva X1000
Substituting in equétion (21); the electric torque is given
by
’ _ 2H 42¢
T"Egldtz

2.3 State Space Formulation for Dynamlc Analysis of
Power System

-

Full description of the dynamic behaviour of the
synchroﬁbus.machine requlires consideration of its .
electrical and méchaniéal'characteristibs as well as~thosél
'ofithe associated control systém. By{using the P.Q.R.
maprix technique [9]), it is possible to write the general
equgtions of ;he'system to derive the staté equations.

The advantages of such representation are that: -
a) The equations are directly and explicitly

obtained.

b) Standard time q?maln methods such as eigenvalue

analy513 can bé'employed
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2.3.1 <Generator and Tie?Line_Repreéentation

|

in ordér to inv¢st§gate small signai staﬁility, a
j .
suffiﬁiently small disgﬁrbancé may be assumed and by
ée:tﬁiging the.valuesAéf the state-variables from their _. -
equi}ibrium'vazagk,.tng'driginal nonl;heafgsystem equations .,
éan be reptaged'b a #igearized se£ involving the deviations
from;equiligrium._ } -

. JI : . * }
OUsing Park's model we can write [7): -

Direct axis flux linkages: S

<

AL . - x Al

g T Xe O T ¥ma Mq T Fma Slka (22)
. s _ | e . . .
» Ay 4 —‘fmd A;f Xq 81lg F X q 81,4 - ‘(23)
f , L. . :
N Awkd‘_,xmd Al - xmq,ﬁld tXpg 8 (24)
(25)
éwkq = xmq Alq +kaq Qlkq A(26)
Direct axis voltage: .
. 1 e '
Aef =Yg Alf + GE Ay E (27)‘
q: 1 . ‘qu ) ' e
A~ Aed = = r Ald + ;E Awd - A¢q e Aw (28) . .
' e Oem Py b e A - e (20)
T T o kd kd o kd
Quadrature axis voltages: o '
o 1 . 2vd
Aeq = - Ea Alkq + EJ-B- Al]Jq - Awd - B‘g—' &Lu; , {30)

o



0 = r; i + 3; A¢ o e
- okq “kq T wg kg ~(31) -
7 - Tie Line and transformer, Figure 5:
- b xp "X
) e . £t .. - Tt . y
pde, = Ae +r i, +.— Ay, - wy o— b1 =2 A8 (32)
d bd . e d wg 4 0 Wy q wy "4 s
Xq X, Xe . .
‘Aeq = Aebq + relq + EE A}q ? Wy GE Alq + GE Ald AG- {33)
b Vig =_Vf§os 8 AE ‘ (34)
2 ] . . 5 ,
- A‘qu ==V s}n 6.%6 {35) |

Torque equation and equation of motion:

AT, = - qu Ald + wdo Alq.f lqo Awa ~ 130 qu (36)
'f‘..‘g - Tm R . p |
- AT = AP -.w—o- Aw . ‘ (37)
- o i 2H ; &
ATm = ATe {Fidm Aw +’EE Aw ' . (38)
", . ‘
AS = Aw | . (39)
Generator terminal voltage:
R _ la ’q -
YA pe, = — be, + —= be (40)
C:T_ t e, d ey 9 o "
©2.3.2 Voltage Regulator Representation
a . !
\ Complete representation for the ex¢itation system

——

is shown in Figure 6, in our model we are going to use‘thé

~simplifiedrrepresentationnshownmin the upper pprtion of

Figure 5.

Aef _ ke - ' i

T+
Bev 1 BT,
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Te Aef = - Aef - k? Aev o (41)
- Ae _ 1
S - Ae I+s1
' //) . t -V
{ ‘ T, Aev = Aet - Aevh : e (42)

2.3.3 Speed Governor and Turbine; Representatlon [8]

Conbrol ?f the synchronous generator can be lelded .

‘into two channels: (1) a Megavar, voltage channel to exert

control of the voltage state e.; thieﬁis achieved by the

=

veltage regulator loop; (2) Megawatt f’équéncy control chennelA

to exert control of frequency and simultaneously of the
real power excharge.

. ' o , Yo .

By controlling the position measured by the

coordinate g of the'governor~controlled vélﬁes, we can exert

conttol over the flow of high‘pressure steam through the

~

turbine. Very large mechanlcal forces are needed to

position the main valye agalnst the high steam pressure,

and these forces are obtalned via seve{al stages of

‘ﬁ&draulic amplifiers. In our'eimplifiéd model we show only

ohe staqe.- ° v
L Ag = kg Aw - Ag - | (43)
>~ . o |
s ~Bg T lsTy | . e




Th
Apm - kt o
3R T I¥st, - /
Te Apm = - Apm + kt éh | (45)

“~2%3.4 "Full Representation

The P.{Q.R. method is a poﬁerf#%rbut éimple méﬁhod
for the digital computer manipulafiph:oftiarge sets of
différgntial and algebraiC'equations in%q‘a‘state space
form which is eminentiy suitable fof diéital or'analog
methods sf‘éolutionA[Q][lO].

The linearized system eqdétions (22-45) represent
the state variaBlés, oﬁtput variables, and algebraic. -

variables. The equations may be arranged‘into the following

compact matrix form

p.° =Qx+Ru 3 (46)

|

where

x: State vector of dimension 12

" . ' . T
[wfl’ wdl wkdl Kbqr l‘bkq' (.U, 6: efj‘ evl'gl hr Pm]

Ty

" y: Output vector of dimension 2

T
[et' Tel
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. ' ~— ) L
z: algebraic vector of dimension 10
(i., i, 1pas 1 o i, , €4, €, € 20 € 4 T ]
£ d kd g kg d q bd bg m
u:_icontrol vector of'dimensibn-z A
Feref"pc]

~and P, Q. and R are appropriately dimensioned real matrices,
shown in Figures 7 and 8.

Premultiplication of (46) by.P—l yields

1%

I

which with a conformable pértitionind, gives the state

o

space form

x = A

1%

+ B u
(49)

I

Y

C x + D u

2.4 Analysis of Power System Stability

The stability analysis of a dynamical system-is
concerned primarily with the - iriterpretation of the
dlfferentlal equations describing the dynamic performance
of the system. The most straightforward method of
examining the stability characterlstlcs of the differential
equations is to integrate them numerically fof'a specific
sample. set of initial conditions. However, numerical
integratlon is not the mcst,economlcal of computational !
procedures and so it is, on occasion, attractlve to resont

¢
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Figure 8

9 and R matrices
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to the mathematics of stability theory to determine
whether, or hot the system 1is stable.

.Considerlﬁhe cénfiguratioﬁ shown in Figure 5, with
the data given in Appendix I. The method 6utlined in 1.3
gives the state equation (47). In order to.perform tpe
numerical integfation it is more economical to ﬁake-gge of
the linear-properties of the system. Discrete.time
techniques have been,suégested for this procedure [ll}.
With a sufficiently small interval AT the following co;stant
approximations can be made for the input u1tk) = u(t), for
a-typicai interval the differential equation is x(t) = A(t)
is

x{t) + B(;)‘u(t) and its solutibn, evaluated at tk+l'

* For our tlme-lnvaylant system ¢(tk+l,tk) and ﬂ(tk+l,tk) may

be calculated once:

d(ty ) =.Al
. =GP AT ‘
A? A’
= I+ A AT + 3 AT? + 3 AT? + ..,

This infinite series can’ be. truncated.after a finite number

‘ ofiﬁerms to obtain an approximation for the'transitién

matrix.

(f/%/r\\ | B(tyyyrty) = Bl

k+1
¢(tk,T) dq

t——t

1
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eA? dt B .

R

N Itk+l
Ty

(Al - I] A" Y B

fl

and equation (48) reduced to,

x {

tk+l) = Al x(tk) + Bl u(tk)

£y

In most casés study of the first few cycles is
sufficient to judge the stability, however in some cases,
espeqially with a low natural frequency,'it is'necessary
to extend the period of aﬁalysié to several seconds. In a.
study of the western system Young [l2] mentioned that the
period of adélysis had been exﬁenﬁed to approximately 16
seconds. Figure 9 sbows.the ogcillation of the power
angle § for 4 seconds which is sufficient in our system,l

Ancther efficient method to investigate the system
gtability is the eigenvalue analysis. Once we éet the
matrix A, a standard elgenvalue routing may used to find
its eigenvd;ues {see Table 1). It is well knowncﬁhat

the system is stable if and only if all the eigenvalues

of A have a nonpositive real part.
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CHAPTER 3 .
CALCULATIOQW OF DAMPING AND'SYNCHEQﬁl%iNG

TORQUES - . , , @

<

3.1 Cdnceéts of Damping and -8ynchronizing Torques

Under certain conditiens a synchronous machine
connected to a supply system and operating normally at
synchronous specd{may oscillate in épeed-aboﬁt its mean
value. The rotor of the machine instead of'running
exactly in synchronism at a constant angle § ahead of or
behind the no- load reference axis, osc1flates about the
ﬁean position. The oscmllatlon may be a forced 0501llatlon
caused by pulsating torques orlglnatlng outside the
machine, or .a free oscillation éqisiné in the macﬁine
itself by a procéss Of self excitation. - Forced oscillation
occurs in altcrnators driven by diesel englnes or 1in
synchronous motors dr1v1ng reciprocating compressors whlch
_are outside the scope of this study.

The phenomenon of such a.small oscillation has
been given much attention by mang investigators, originally
by Doherty and Nickle 1927 [1311 In that paper'fhey %%
defined and calculated the damping and-éynchronizing
torgues which can be explained as follows: at any given
.ffequency of‘moﬁion of the rotor there will exist a

. harmonic electrical 'torque on the rotor of the same

34
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frequenéy and proportional to the amplitude‘of oscillation;:'
the constant of proportlonallty depending on the

frcquency of osc111at10n ~In gcneral there will be a

difference in the time phase of  the torque and the

displacement. The tgkal harmonic torque, %oweVQr, may be

‘broken up into two‘componcnts, one in time'phase and oné

. ' \
in time ‘quadrature with the displacement of the rotor.

The component in timé phasé with the tétalrdisplacément i§
. referred to as the synchronizing component éf torque. The
coﬁponcnt in time quadrature is referred to as the damping
. : .

.componeﬁt of.torque, because it is in time phase with the
rate ofhchange of.displacemeﬁt,.i.e.,,in_timé phase'w;th
the velocity. |

Subsequently the problem of hunting has been given
more apteﬁtion_by‘many researchers. However, Concordia |

-

{14] in 1951 republished the formula given by Park in 1933

(151 as the best existing formula to calculate the damping (\\;///\

and synchronizing components. Park.showed that in the
frgquency domain we can separate both damping and
synchronizing torques for small oscillations. The
h;;monic electrical torque is given by

AT = £(S)-A6

where the operational function.

f(S)=[wd0+idoxqtsxkﬂefsin §0+¢d0 S)zd(S)f(e cos 60+wqoslxd(sﬂ
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_ T o v
[¢q0+1q0xd(5)][(e cos 60+wqp5)zq(5) (e sin 50+wd05)xq(3)]
X 3 hyd .
D (S) .
and D(S) is a function pf operational impedances given by
‘ ' . u) P o .
D(s) = z4(s) zq(S) + (w—o'); X4(8) xq( )
Then introducing a system of rotating vectors
+ 'corresponding to tne frequency of oscillation'gives
&\,i? = £(3 mOsc) AS
d - . = (TS ) wOsch) As (48)
- ' ) ' <

As E?ch, an expression is tedious,and the method proposed
by Demelleo -and. Concordia [16] will be considered in the

following section.

r

3.2 Frequency Domain Analysis

3.2.1 Block Diagram

The phenomenon of stability of synchronous machines
under small perturbation'dan be treated with the aid of
block diagrams relating the pertineﬁﬁ variables -of
electrical torque, speed, angle, terminal 'voltage, field
voltage, and flux linkage. |

The model used for this analysié is shown in
Figure 10. This is the case of one machine cannected to

-

" an infinite bus through a transmission line. Undef the

By

following assumptions:

o
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"o a) Neglect the effects of the amortisseur

N
b) Neglect the armature resistance
c) DNeglect the inddced'voltagcs due 'to py and
Phw, .

we can simplify the machine equations into:

2 - a2 2 )
-~ et _ed + eq
®a T Vq N ¥q 'q
— . | I 2
e = V¥q T Bg T Xg ‘g

= ' - ' '
E E + (xq *d ) id

iq = (egme, cas 6){(xe+%g}P[re2+ (x %))
o RE -e, sin ¢ {rg/lr ?+ (xe+xq)2]}

cos Gi{rg/[re2 + (Xe+xq)2]}

(e ~e
q b -

-
o]
it

™
+ E

b sin 6{(xé¥xq)/[re2 ﬁ,(xe+xqi2]}

Pl

- : - v !
ey’ = Md_lﬁ (xg=%xg') ig \J(
de '
1 - —
Tao' (ge ) = ¢ = Mg it
Te = EQ iq

Expressing all equaiiOns in small perturbatfion-
L
form around the steady-state operating point Figure 11,

38

manipulating the induced set of equations to preserve the =

S
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. -,y B
basic variables e, , AEé' and A and e@?@inate the other

variables,®the fbllowiné relations are obtained [16], [17]:

Al

. . = . < 1 '

o L e kg 86 + kg AE | (49)
L k., A k. k, A6

3 AEG™ = 115 effk - 1351‘4 %, (50)

- q Tao *3 ao *3

3 . : _ I . -

- - ( AT, = kg A8 + k, BB, _ (51)

where L
178 ',
q .
%

. . 3
change in electrical torque for a change in‘rotor angle

with constant flux linkages in the d axis

i e i E :
_ "Qo0 “bo o : q0 Qo
T [re sin 60 + (xe+xd } cos 60] +. i
- ! - —_ t
o [(quféf)(xe+xq) sin &, re(xq Xq') cos 60} (52)
k = EE |
2 AE !
: 4 3

change in electrical torque ﬁér a change in the d axis

flux linkages with constant rotor angle

A 3

r E (% _+x ) (x _~x.")
. .z Q0 Ly gy -e’9 7g-d ], (53)

| 7 ) A “q0 A l/f‘\
) ‘ k, = impedance factor |

I
) X _+X -x.'

; ,‘ :/, L 1 (54)

~
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. )
k = = _q_
4 k., A4S
3 [
. . . l"
‘demagnetizing effect of a change in rotor angle
e, (x.-x,") .
_Sbot*aT*q . .
DT [eTRg) SR 8gmrg 998 §ol (35

T

~

o Aet[. |
5 A8 B

q

change in terminal voltage‘with change in rotor angle for

constant Eq]

_ ed0 reebO + (xe+xd )EO cos 60
T e g [ A ]
to =, .
e . - r e cos § ¥(x +x JE sin &
+ go‘x v e b0 - “0 e g’ ' "ho O] (56)
e d A .
t0 . . N
K _._A A_e tl‘ | .
6 " Ae ' ' : L
—\_. -

change in terminal voltage with change in’Eq'ffor constant’

rotor -angle

L0 ) MY T
e”toﬁv\ A ®to- 9 A
A= gt o+ (xgtxg') (xghxg)) L s)
where }
e infinite bus voltage
e, - te;minél Qoltage. i
. e4r€y armature voltage direct and quadfa;ure

I
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. axis component
cq' voltage probortiqnal—tqﬁdirccg axis flux
; linkages
EQ o voltage back of khe quqdrature reactance
= Efd——~—;;_generatbr—éée%dnvaktageé—_——f
s ‘angle between guadrature axis and igg:;ite
bus ' — )
Subscript 0 means stéady-state value‘
Prefix 4 indicates small change -- -
(ﬁ . Figure 12 shows the block aiagram recommended by

™

Concordia and Deme;loufls]-for thg system described by
Fiq&re 10. Such a block aiagram is suitable for the )
:calculation of damping and sjnchrqnizing torques, and -
.inveshigatioﬁ of.the effect oﬁﬂvoltage;regulator.
morecrefinement can be added to -the block diaéram
by représenting ﬁhe'contribution of the damper winding by
the dottgé'block p.q In this analysis the éamper-ginding
will be assumed to contribute pure aampiﬁg torgque as
recommended by Park (15]. Such damping torque can be
explained and calculated by using induc¢tion machine concepts.
The s%?p:of the rotor with respect to the positive
seguence armature volFage is small and varies both in
' magnitude and sign. ‘With positive slip the machine wofks
"as an induction motor, with negafive slip the machine works

-

as an induction generator as shown in Figure 13. We are
; -

t
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interested in small linear'pertufbationsaround zZero sliﬁ.
The constant D is given by thé slope of the linear part of
. | : :

the. torque-slip curve which has been calculated as ([18]

I z[(xd"xd")Tdo
. t (x _+x,")
: e ~d .

(x -xq 1T

! 1 C0526]
]
(x +}C‘_

sin?é +

p.u./rad./séc.-AwJu_

B}
»

3.2.2 Basic Frequency Domain Analysis

In order to calculate thé damping and synchpgnizing

- torgque cocmponents, a sustained rotor oscillation with

angular frequency wosc(rad./sec.) around the operating
point is assumed.. The rotor angle disturbance 46 is
described by'equation,(59) and the instantaneous slip Aw

is described by equation (60).

Jw
. AS = 8 . © ose rad. (59)
Yose
pé = 3 G AG per—-unit/sec. {(60)
4] .

This is the tfpe of disturbanée that occurs in frequency
response testing and allows the use of the frequency
rééponse method for this analysis. -Damping andvsynchronizing
torgques are obtained by replacing the Laplace operaﬁor S
in the system block diagram with jwosc and’redgcing the
system of Figure 12 to an cquivalent sccond order system
Figure‘l4, which is described by |

S?2 + (D/M) S + u % =0

n

N
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Using the concept of damping and synchronizing

l

, . , o |

torques introducced by Doherty [13), one can find that - | |
. . - ) - 1
1

|

£ﬁuro arc two components of the clectrical torque ATé.
3 .
Concordia and Demello [16] analyscd ATc into one cdmponent

equal to klAG directly proportional to A§ so it is pure . -

synchronizing torgue, which is positive when k, is positch

1
and negativc_whoﬁ kl ig negative. Where kl répresents the

synchronizing torquc with constant field fluﬁ linkages,

i.e., the slope of the transient torque angle curve. As ' ‘ l

3

the effect of amortissour has alrcady been neglected the

other compbncnt will come through the change of Eq'Q_
Referring torthc block diagram Figure 12 an expression

for changes in torque duc to changes in angle via their
effect on qu is given by:
“k, {kjketk, + 8 T  k,)

AT = m " T Zm
e 1/k3+k0k6+s(1c/k3+; y+S%1

A8 (61)
do d0 "¢ : :

Tho synchronizing torque contribution of thiajoxprossion
is tho component in time phase with tho angle AS.

Neglecting the demagnotizing cffect comes through kd’

cquation (61) yields tho synchronizing torque
_ -k, k_ k
P, 2 e 5

= - T AG
8 l/kB;RGko " 0nc ?do, Yo
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For very low frequencies

T -k ke kS

fp = 2
78 1/k3+k kc

_ 6

~k, kg

= uaiu_u_'for high exciter gain
6

\

The total synchronizing coéfficicnt is given by
. R

? X, k. Kk - %
Kk =k 2 ¢ 5 L=

= - i3 l-_“
s‘ 1 l/k3+k6.ke Wose Tao Te

.

éimilarly the damping torque componcnt dﬁc Eo'the

rcgulator action, necglecting the natural damping is the

component in'phasc-with the speced, i.e., in phasec

quadratﬁrc with angle ‘
. v '

k2 ke 35 ('lc/k3 + TdO Y o

ké;w

= 2 ; 3 dac ? AS
d - A/kgrkekewhge Tao'Te) T * (T K3¥ P07 ) "0

The damping ‘cocfficlent

| ]
5 (To/ky + Typ')

2 o 2 \
0ac TdO Tc) + (10/k3+T

. k, k, X
a7 (7KyFRgR

T 7 (63)
do ) “®osc

Mechanical damping and the contribution of the amo;tiﬂauur

can be dadded to the damping cocfficient Rd'
It must be noted that the oscillation frequcncy

W » which is required as an input paramecter, is -actually

0scC

an unknown. Howovor, Woge is related to the synchronizind
torque cocfficient and if we assumed a small valuc for §

is 'given by

(62)
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Osc n n

A
\x
4]

=
{7 )
-]
L |

A solutlon isg obtalnod by assuming a value for
Woge! dotormlnlng a valuc for k and thcn checking for
consistency. If k does not correspond to the assumed

valuc for'mOBc, then wOsc is. adjusted by an error

. incromont and tho proccduro is repcated untll a correct

solution is obtalncd_{IQ}.

| The system data givon in Appendix I has been used
to pcrform the calculation'fof k and kd According to
the mentioned assumption both armature resxstancc and

ceffects of the amortissecur have been neglected. For this
- +
opcrating point tho following results are obtained:

ky = 1.4475 -«

k, = 1.5091 . | _ ;

3" 0.3098

4

= 0.0314

k

k, = 1.4999
kS

k

6 = 0.4459_

Undamped naturhl_ffﬁquoncy woo= 8.7582 rad. /scc.
ks, = 1.3890 p.u./rad. -
kq = 0.0098 p.u./rad./scc.
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{4

3.2.3 Modificd Frequency Response -

, The above analysis is based upon the assumption
that the system is being subjected to sustained oscillation

as described by céuations {59) and (60). 'Howcﬁcr, if the

generator is stable these oscillations will decqyw_
exponentially as described oy cquations_(Sd) and (65).- If
frequency response methods arc to be applied,; then it is

more correct to replace s with -o + j ow instead of just

Osc
3 wAO_sc (19]. | | ‘
86 = 8. e (70%] “’05c).t rad. (64) °
I S Yy N
Aw = 6—7(—0+J wOsc) AS p.u. (65)
0 _

Applying the same procedure as before, but
replacing 8 in the equation by -g + j wOB; instecad of .
9 wOsc; using the same concept of‘damping and synchronizing
torgues, damping torque is the component in phase with the
spced and'synchfonizing torque is the cémponent in phasc
with the angle. Spced‘and angie arc no longer in phasc'
qﬁadrature, spced‘doeﬁfnot coincide with the imaginary
aﬁis‘but merely shifts around. This occurs becausec of a
the phasc rclatlonship between Aw and AS. Figﬁro 15 shows

this relation for both frcqucﬁcy rosponsc and modified

frequency responsae.

*
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(Froquency Reoponge Method) {Modified Frogquancy

Response Method)

Figure 15 Aw - AS relationship Lo

'As in the casc of frequency response analysis

where wosc was unknown, 1in this case both o and w arc

Osc
required as input parametecrs and both are unknowns. This

-problem is overcome in the same manner as done previously

for Yose [19]. As for.o, it is rolated to the damping

torque coefficient k., through

d
= 4Ho
kd'

i

A solution is obtained by assuming values for o and-wOHc,

detormining ks and kd' checking ks and w and iterating

0sc

by updating w03§ until it converges. If k, does not

correspond to o then o is adjusﬁed by .an error incremont
and tho enﬁifo procedure ié repeated until correct

solutions arc obtained for both k  and kj.
Fortunately, from fiéld‘tcu; data [19] it is
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known that o is approgimatcly one-tenth {or icss) as large
as vy . Considcf&hg this, ¢ may be neglected for the

transformation -of speed axis without introducing much error, .
80 both frequency recsponse aﬁd'modified.frcqucﬁcy responsge

~

‘analysecs agree very closely with ecach other as confirmed.. ...

by Table 2.
Modificq Frequency
- Frequency Responge Responsc
“osc 8.7582 8.7582
rads. /sec. ' .
ks _ 1.3890 : ©1.3894
kg 0.0098 | - 0.0097

Table 2: Frequcncj regponsc and modificed
frequency responsc comparison
This method is simple and casy to implement,
However, there are some limitationa in the accuracy .7
corresponding to the previously mentioned approximation.
This will give inacéurﬁtb results for a machine with a
considerable armature rosiﬂtanqe or a machinc with damper
windings. Thus a new mothod-shogld bo’dovclopcd to over-

come this problem.



3.3 Time Domain Analysis

3:3.1 - General
The torque components have been classified as
follows [20]: ‘
1)° Those resulting from fundamental positive
- seguence flux changes in thc méchine
2} ‘Those.£esulting from the interaction of the
rotor wihdgﬁ?s with any negative scquence fikelds
3) Thpsc‘rcsultihg from the interaction of the \g
rotor windings with the ficlds produccd by any\)/
Armaturo d;rcctlcurrcnts

'4) Those resulting from induction motor/gencrator

action of dampefs and positiﬁc scquence figld

Most of the methods to calculatc damping and’
qgnchronizing toghﬁcs including the previous one have to
drop out some of those components.or at lecast ncélcct
certain interactions. 1In order to take into consideration
- &1 these components and their interactions, full
reprosonﬁation of the machine is used and a new technique
has been QOVGlQbed to break the changes in the élcctrical
torque into damping torque component and synchronlzing

torgque componcent,

3.3.2 Breaking Algorithm -

In froqucncy‘roqponﬂc analysio synchronizing

N
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torqué'has bccn dcfincd as the component in phasc with

N
anglo AS6 and damplng torque lS the componont in phxqo w1Lh

‘l - e
spced Aw, here tqﬁf will be dcflncd ucco;d{qg to the B

. . . \ - . &
cquation of motlon _ ‘ - Loy , ‘
MAS = AT - AT
o m c
where ATC can be written in the form

QTC = kd Aw ks AS 1 ) (66)

Equation\(GG) def?ncs damping.torquc as éhé tgrquc
component proportional ta g?c speed Aw and BYnéhronizing‘
torque is the torque qpmpéﬁen: proportlonal to the angle
AS which ié‘consistcﬁé with'Park;s definition ecquation
sy - N o
‘Sglution of the state équation”(&?) gives thc
time responsc of Ach A8 and Aw. The lcast.squarcs
tdchniqqg ﬁas beon used to resolve the clcct;ical torque

AQG into two Bignalé in time ﬁhaso and proportional to

speed Aw and angle AS. The error will bé defined as

E(t) = (6T_(€) - k; A6(€) = ky bidb(t))
Summation of crrors squared through an interval T is
givép by
| T T y | B L
L E2(t) dt = L_ (4T (8) = Ky B8(8) = kg Bu(e))Fdt

Damping and synchronizing cocfficients kd and kB aro

calculated to minimize the integral of crrors squared,
: 5 :

&)
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- 1i.e., they must satisfy '
_ / .

Y
o

- s
kd,and kB arc time invariant, so diffecrentiation and

integration paramecters are ingependcnty,thughit is possible
to chéhgc the order ofAin£Cgrab§fn and differentiation.

Y N 8 :
o Y

T . T B
J AT (t).A8(t) gt = kB,J A8 (L) dt + ky | Aw(t).As(t)de
¢ 0 ‘o ) _ .
-~ ; (57)
(T o w o (T - (T
J AT (&) .Aw(t) dt = k_ J AS(t).Ag(t) dt | Aw?(t) dt . (68)
0 ‘0 F

0 .

If égced and angle arc-aﬂsuﬁcd orthogonal, i.e:;

T o
J Aw(t) AS(t) dt = 0,
. :

cquations: (66) and (67) can 50 rﬁduccd, thus damping and
aynchroniéing torques cocfficients arc given by:
' AP AT () as(t) at
o " LToAs% (L) at

T
57 AT () Aw(t) at

‘ ﬂ? Aw? (£) dt

kd Lol
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Actually speed and angle are not-orthogonal, and it is
necessary . to perform all integrations.
Define: :
) ) ) ¢ T : 5
aj; =¢j° 882 (t) dt .
: a
T . .
Ay, = j AG(t).Aw(t) dt
Ly :
‘ ‘ T o &
ay; = @), quh/iﬁiﬁ)'Aﬁ(t) dt .
o _
. o\ : o & I
) A,y J }Awijt) dt | // : 5
o ¢ \"‘“ .
" rT' ’_T'I . ™ .
b, = AT (t) JAS(t) dE
1 - ), ‘e R ;-
. T ' T
b2 = ‘ ATc(t).Aw(t) dt. . . ) '
Q. .
o o &
then ' ' h o
e = Dy-852 " Po-2yy
S a11+%7 2210012
. bl.al2 b2.all -
d - aype35) T 832081

in order to check the reliability of this
D
algorithm, certain values have been assigned for, da ping

and synchronizing, torque coefficients in the equation of
' . (o

‘motion. Applying the ‘algorithm for the corresponding.

time responsecs gives an accurate ‘estimate for the

coefficients. : B )

i

The time responses of angle, speed and elbctrical -

b ) ' 1 "
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A9

torque are shown in Figurd 16. This algorithm has befn

applicd to calculate damping and synchronizi%g.torque\\
= coefficients. Figurec 17 shows synchronizing and damping

torque components.

“

Comparison of thesc torque coefficients with

those calculated based on frequency domain analysis is

given in Table 3.

Time Domain

Torque 5 . With - ‘without Frequency
Coefficients | Damper Winding | Damper Winding| Domain

k; p.u./rad. 1.793 1.35 1.39
ky P-u./rad./ . 0.0034 ' '0.0089 0.0093

s5ecC. ’ . .

Table 3 Comparison of time domain and
frequency domain analysis
. It can be secen that most of the deviations are duc to the
inclusion of damper winding cffect on time domain analysis. =
 Exclusion of the damper winding in frcquéncy domain analysis

‘results in a.lower value for synchronizing torque coefficient

4

and incorrect value for the damping coefficient. Exclusion
of lowlrcsistancé damper windings result'in damping’
coefficients higher tggn the act;al valuc,rwhilc exclusion
of Righ resistancc ones results in a cocfficiaent lower

than the actual value {section 4.2.2).
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3.4 Rotor Torques

3.4.1 General BExpression

Dcvcloping Qnd bohstructing the previous aljorithm
makes it possible to invcétiguto.thc contribution of cach_
"rotor clﬁmént in damping and synchionizing torquen. In
this study ‘the rotor torqgue will be analyzed,. which is
cqual and oppoéitc to stator torquc, then resolved it.into
ito componunté.

An cxpreusion for ‘the torqﬁc is developed dccording

to the armaturc cnergy distribution.

armaturc power output = [mochanical power acrogg gap) -

[armature logs] and yields the common torguc coxprossion

'TC 1 iq wd - id wq : (69)

Equation (69) gives a simplo way to-culculatc clectrical
torquo, howcvér4 ip dooy ;o; servao the dewsired purposc,
ﬂnothor form of cquntibn (69) can bo writton diroctly us - a
voctorial product

T e @ x 1 ‘ AT0)
whoro |

Y

rosolving the flux and currunt voctors into tholr diroect

m_h'flux voctor crous tho air gap

and quadraturo components as. shown 1in Figuro 18.
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{kw

mg . o '

i wmd

Figurc 18 Flux and current vectorg
Equation (70) now can be factorizced into:

T, by iq uin 90 - wmq id oin 90 = wmd iq - wmq id (71)

.Equatién'(7l) in tho uuﬁu an equation (69) cxcoept
replacemont of wd.uﬁd ¢q by wmd_ﬁnd wmq’ which han bettor
"physical intoerpretation since the air gap torque o
doveloped duce to tho mutual fluxes croussing the alr gap
whilolloakagu fluxes do not trunnfur‘ahy powuf. Subntituting
¢d-and ¢; as glven in uduutionn (72).and'(73) into

cquation (68), showu that olectrical torque cexprcanions in

-cquatiOnu (68) and (71) aro ideonticsl since x X
3 T 1d 1q

wd'“ I‘“md Y ¥1a T ¥pa t *ig id ‘ ‘7%f

wq £ wmq + J{lq iq . | (73)

‘

Thin‘modifiud oxprogulon for oloectrical torque io
puitable to otudy tho rotor torquo. Dofince tho rotor

curronty an (21]. _ : ///

s

-
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Id: per-unit rotor excitation or rotor current
in dircct axis

Vg 7 Id T B

I : per- unit rotor currcnt in quadrature axis

muqnotizinq a lead of the palcq‘

lJJq - Iq *mg *q iq

The rotor torque expression may be reformulated and

exproengad in terma of rotor currents Id and Iq
Xmd ™ Emc
To= I, -1y ———--lq v (74)
o Td "mg g} de Xnd * mq md T

Expruuniod (74) 18 similar to that givcn'ih cquation (71),
except that thero Lo a negative sign sincoe rotor tofquc

is opposite to ntator torque, also thero ig an additional
torm rqprundﬂtlng rdluctuncc torquce, which does not appcar
in the oxprossion reforred -to tﬁc'urmntu:onuidu because Qf

its magnotic symmotry.

3.4.2 riold Winding Torque Compononta

An oxprosolion for tho oloctricul torquo doveloped .
by theo rotor 1ln givun by oquation (74). Nuglocting

saturation and the non lincar cffectn we can apply supor-

- pooition thoorem to divide tho rotor torquo into the

* componontu contributed by the rotor clemonts. Tho firot

two torms can bo nplit to glve tho torquo'dovolopcd by

201 A
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the fiecld and damper wlnhingn; The lést term represcents
thJ reluctance component., -

Such'aftcchniquu can be applicd fof.thc-synchronous
machines with dual excitation in both direct and quadraturc

4

axcy. llowever, this study is concerned with a singly '
exclted machinc whiéh is the common alternator all over the
world. ' lFor a uingly-cxcitcd generator the torquc-produccd
by the filcld winding is given by |

(Tc) o if w

£ mg

Besides the reluctance term,which doces nét exceed
20% of the total clectrical torque in most caﬂcs,lthc ficld
tofquc represents the main torque of the machine. The field
winding au well serves ag the main source of tho
synchronizing torque component. For a machinc. with high
exciter gain th nupplementary stabilizing signal, tho ficeld
wihding becomes thc_prodomindnt nourcc 6f both damping.and
u}nchronizing'torquan.
; For small perturbations around the oporating point,
changoes in tho filold winding torng may bo writton in tho

form

(AT )

Mg+ Ay 4 ' (75)
£ o

- wqu mg “£0
Uoing data given in Appondix I and applylng tho mentioned
breaking algorithm, tho contribution of the flold winding

in damping and synchronizing torquo coofficiontn are
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given by:

knf = 0.9534 p.u./rad.

K.. #=0.0233 p.u./rad./scc

df
Figurc 19 shows both damping and ﬂynchrOnizing torque

components dcvolopud by thc ficld winding. -

3.4.3 Damper Winding Componentas

Almost all synchronous motors and synchronous

géncrators are cquippcd with damper windings. . The chicef

‘reasons. for providing damper windings on synchronous

macthob are to provide utarting'torquc for synchronous
motors, to suppress hunting, to damp oseilllations started
by a poriodic shock, to prevent distortion of voltage wave
shape to baiancc the tcrminal‘voltagcu, to provide a
breaking torque on-u'génorator duringkan unsymmetrical
fault and to provide additional myhchronizing torqua,

A method to éulculute damper winding torquo hag

beon discussoed in section 3.3.1, howover this analybiu

has boen porformed according to the recommendation of

Park [2) to,éénnidér tho dffuct of currents induced in thao
amartisoour circyitﬂ to produco'a puro damping torquo. 1In
order to ovaluate tho synchronizing componont ao well ap
looking for a bottor approxihation,‘tho pamc procoduro
duncribqq in the provious scction i ugped. -Eloctrical

tdrquo dovoloped by tho damper winding 1o givon by
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cd) a lpmq ikq - lJde ikq

1_1T

For small perturbations

m P2 o -— ' r
(Alc)d’ Ymq0 Mya T ¥nao Aikq - 78
whpfc both iEdO and iqu cqual zcro., . >
ez [ - ) h
knd 0.8?7) p.u./rad.
kgq © 0.0271  p.u./rad./ncc.

"Figurc 20 shows synchronizing and damping torquc conponents

dcvaldpcd by the damper windiﬁg.

3.4,4 Reluctance Torque Componentn [22)

The laot term 4in oxpronnion'(74) yiclds a torquc
componcnt which exists cvoh Qithout any ficld current.
Thio tdrm i called rceluctanco torquo} and it hao bcoen
oxploited to build nynchroh?uu rcluctanco machinosn,
Rolqctuncc torquo phenomena can bo oxplained. by the
minimgm onorgy principle whoerce the torque tends to rotato
tho rotor go an to minimizo the raluctancc offerod by.tho
alr gap to the stator mugnoéomotivc force. 'The amplitude
of reluctanco torquoe in proportional .to the differcnce of
X4 and xq and varics ag nin 26 Itﬂ‘cffoct on thdrpowcr-.
angle curve i to incroeoasce tho ntiffnbuu of steady-ntato
opoeration by docrcﬁaing tho angle corronponding to tho
pchk powor looo thén 90°, on tho other hand it iﬁcrcaﬂcn

thin angio boyond 90° 4n trnnuiont'coﬁditionn.
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b

N
Ny

‘Reluctdnce tofquc ia given by,‘

) ¥ =X
: md TTme
= —————e

A(TQ)R xmd'xmq wmd qu
for small perturbationn N
(AT.) ':‘fmﬂlfmﬂ [ A NG ] ” {(77)
¢ R xmd'xmq md 0 mg md qu' '

The ment boned breaking algoritﬁm has been used again. to
ovaluato démping unu'nynchronizing torquaos componcntn;
 dGVcl0de due to rceluctance torque. Thesce components,
calculated with tho data given in Appcnd@x I,arc uhéwn~iﬁ

Figurc 21.

= ¢ "'4' R
ke = 0.01196 p.u./r@
kdr ﬁ-0.0QOBG p.%f/rgq./nuc.
It can be noticed casily that kdr and kur arce nmall nince

-~ the roluctance torque reprepsents just a small portion of .
tho total torque of the machine. Table 4 summarizes tho
caleulations of damping and synchronizing torquos

cbntributcd by aach rotor olemont.
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6

ks kd
. “Torque Cocfficient ~ (p.u./rad.) (p.u./rad./scc.)
T )
Field Winding . 0.9534 - 0.0233
iy \ ) --“ i . . * R
Bamper Winding 0.8278 0.0271
Reluctance Torgue ‘0.01196 -.00036 -

.- 4 u

Table 4 “Contribution of
torqucs

3 3 . -
in’ﬁgxdffsyhchronizing cocfficient can

\.

ks.= ksf + ksd * ksr

= 1,7932
and total damping cocfficicnt

kg = kag * Kaa * Kar
= 0.00343 .
. 4

')
Investigating. the contribution
torques into the totgl damping and sync
q > ping Y
‘cocff
N L1 \‘ o . .
and to .study the factors affecting thoi

. ' ST v .

rotor

;bc calculated as

p.u./rad.

p.u./raa./ﬂoc.

of the rotor

hronizing torque

r propertics.

L]

icients will be uscful to optimize thogc cocfficicnts

I

—— .




'CHAPTER 4
EFFECT OF DIFFERLNT LOADING AND SYSTEM PARAMETERS

ON DAMPING AND SYNCHRONIZING TORQUES'

4.1 Uffcect of Diffcrent Loading

The problem of caléulating dhmping and synchronizing
_ torque cocfficlonts has been investigatnd in dectail in the
previous{chapter. Those coefficients have been found_to
be functions 'of the system parameters and opcratiné'point.
This scction will be devoted to study the cffect of
diffokéﬁt.loading conditions on. torque coqfficionts ;nd the
offect of system baramétors will be discussed in tﬁc next
séctién. |
The block diagram doscribcd iﬁ'figuro 12 gives a
suitable mothod to explain and analyze the damping and
synchronizing torque components, also it is very useful in
the doﬁﬁgn of a power system stabilizor. It has been fouﬁd
that all the block diagram cocfficients kl - k_ oxcopt k

6
chhdge with loading, some increcase, others decrecase, and

3

gome évcn change signs with loading.' This makes the dynamic.

- behaviour of the machine qﬁito different at difforontl.'
operating conditions. The genoral bohaviour of theso constants
has bcen investigated for a wido rango of oporating conditionﬂ
with tho active powor ranging from no- load to full -load and |

reactive powor consideorod for both leading and lagging.

@’, 69 @
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) o kG‘may'bc classificd into four

categorics according to their variation with loading.

The paramcters k

(i) Constant Paramecters

MR

The only constant paramcter with loading is ki
This is a function of the impedance ratio.

(i1) Paramcters which Increasc with Loading

w Figurg 23 shows that k2 increcases as-thcifcal
power p-incrcascﬁ and/or the lagging rcactive power
deercases also it incrcases with thd, increasing of the
lcading rqactive powor and recaches a maximum asymptotic
valuc. |

The samo discussion applies for the paramcter Ky

70

Figure 24, since for a small transmission line resistance

ig rolated to k,-with the following rolations

Ky 4

kg‘ (x5 = x3") k,

« A

Tho ecxpression for tﬁ%ﬂﬁynchronizing torque cocfficicnt,

without fiecld fegulu{or is given at low freoquency as

k, k

kg = (k) = ky k3 k)

S.
which shows that the synchronizing tofquo cocfficiont
decroases ag Ry or ka incroasac. |

k, can afﬁo-bg included undor this classification
with tho oxception of the range in which p is smail (SQO

igure 23).

]
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(lii) Paramotoers which QSCruqu_ylth Loading

Thin Cntuany‘contuihn only tho pnruhbtur PG wharo
Flguro 2% “thown Lhat wll!n lncere nulluy Poand/or doo rcuu1lng
Q, Hb (lﬂL!(HlHHritlnd Approaches zero with largo leadling
zuutLivu puwur.

(v Yaramoters which Chango Sign_with Loading

Plgure 26 nhown how kg changon an loading changaon)
it lq c¢loar. that no gonoral conclunion'cun bo roeachod,
CNowover, wo can noto that, for hlah 1ondthg k i nogaLLvu
rogardlesn of whothor tho powar factor {igp 1nnding or
1¢gang; for liqht to modium loadlneg, ks cun bo positivo or
nogative accordlng to tho vnfun of O LUp-vnluu of k5
decroanon or tho negativa valuo uf'k. incrunnun an tho
lagging roactlvo puwnr incroanecn and tho valuoe of k
Inoroason wtth thn Incroane of loading rnnnle“ powor,
Howovor, {t shown a local mnximum Followud with a rupid
duorunnu towardns tho nuanJvu valuon,

Tho-qgoqtion of whothar tho nyutnm_iﬁ-ntnblu cun bo
answorod by Liwontlgation of damping and synchronizing
torqﬁo coolflolontn, .Thu condltions that munt bm mot by
tho nyntom to’ bae dynamically ntablo are that k b gronthr
than zoro and kd bo qruntnr than zero, biguro 27 thown
the varfation of k wiLh loading, it juo oapsy to ooo that
k” in dominntud by kl and qunurnl%x it has tho sama shapo.
On tho other hand Myuro 20 shown tho vnrint}on of Kqr

which has almost tho samo charactorintic an ks.' B

{5
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A gonoral conclunion bupud on curvoers calculqtcd
for the machine ﬁndur‘invynthutlun tn-Lth thnniﬁ which .
arc conslotent with the study done by Kl-Shorbiny, et,al,
(23], [24), can bho mado that the purdmntarn ky - k5 huvu
5 wido rango of change with lohdiﬁq. Howevor, tho

varlatlion of k k

1" =2

or lagglng in only in magnitude and not 1in nign. On tho

k4 and ko wlth load whethor loading

othor hand ks which plays a-blg rele In QUturmlnlnq ﬁhu
danping componont uupﬁllnd by the rogulator changou ltu-
niqﬁ {rom pouitlvb to ﬁoqatlvw with loading changoen. Hoavy
loading fn nnuocintud with nogativao dmnp]n(_ll tho unit usod

‘ : A
In thiv ntudy In unable to dolivoer Lt full-load powor

UIlllgllf!’it 1o wuppllod with a pom.‘:r nystom ntabilizor whlch
will bo discunnoed Iin tho noxt chhptur; Wo can donscrilbe
tho djffidulty wlth loading Powor factor oporation an a
lnck of nynchronlzing torquo ﬂor Light loading and lack of
damping torquo nt hoavy loading. Th;u nituation of -
synchronouns machinon opoeruting With o loading power factor
oxiotn néwbin ﬁnny utilitios, and Lu likoly to worson in
ﬂuLuro at a connoquenco of thao ontnbltuhmunt of moru high
voltago . long tranumingion linon and Lho widuupruad uoo of

undorground cdablarn, Conuuquuntly, it Lo bocoming mora

important to usc a powor systom stabilizor.

4.2 Iffoct of Hyutom Pnrnmatqru'

It huo boon ooon thut‘ddmping and uynchronizing



tqrquﬁ couﬁficiuntu vqriud'with lnnding} thoy are dependent.
on nystem paramelors an wc:]l.' Tho offocl of nyntem |
paramctoers can bﬂ clasnif{led iﬂtn three categorlen nuch an .
cifoct of tle=line impedance, offoct of dampor windlngs
and tho offeet of 'fi.u,'l.d cxcltatlon. Anothor nrource of
damping and ufnchfonkzinq ﬁbrqunn comuis through the
mechanlenl loop, howavor, we nr;; cO:uu:rnrxJ.luarcs witlh tho

cloctrical compon(m‘tn .

4.2.1 kEffoect of ™Mo-Llino Tmpodiance

1t can bo notlecod gonorally that both dampling and
synchronlzlng torquas uré-vhrixulwitlluxturnnl tiu—iinu
impedanco.  Calculatlions of damplng and uyhcﬂronizinﬁ
“.Lorquu coofflclontn hHVU boon mado for tlo-1line roactanco
‘chungou‘from zwroupoll.o peu. and tio-lino roslotance
changos from zero to 0.1 p.u.,  Tho uynchrﬁnizlnﬂ-torquu
coofficiontn aro shown in IFlguro 29; the corronponding
damping ﬁorqun éoofﬁiciuntu aro pshown in Plguro }b. Thao
torqua couffiq}gntu aro plotted agulnst line reactanco for
differoent valuons of lino roslstanco,

It_iﬁ ovidont that both damping and nynchronlzing
- torque coofficlionts docroaso with the incroase in tio-lino
roactance, cvon damping torquo may turn out to bu nogativo.
It iu furéhor ovidont that tho changes of torquo coofficlionts
dorrouponding-to changos in -linc runintnncu aro nugligibloA

for high lino reactanco (xc v 0.3 inl9ur cauu). Tho offoct

=
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of‘tiu'~lin‘u Inpedance hao lmuﬁ ntudj.nd. by many i.hv:ml;l.qmt.oru
[(25], [ﬁﬁlf However, they lnvestlgated a machine without an
automat. Le voltage regulator _wi::i.ch' cautes pome dilfforenco
onpoclally on tho offoct of 1inc redistanco, on damplng
coolficlantn. _!-‘i(;uruzzf) nhown that synchronlyling torque
crmfl'flu!nnt ‘l necoarons with docroane  of ]I.nln roglatanca,
on the othor hand dnmptnﬁ coclLiclont decronnon with doeroane
In 1ino renlotancoe, : Thig can be prodictod by i.nvlrmt.i.qnl;!.n(l;

tho paramators l'.4 and k,; oquationn (55) and (56)
. - o

FA micimeraet e e ———— 3 y - - [ [}
k4 A [(x(1lx(1) Gin 60 r., con 60] (5%)
.- . " t, ]
koo o fho T at*a) Oug 000 b
) “eo ( A
a r o con b~ (%X 4% Yn nin 6
4 .49 N {.4‘.?.-J.’.Q,,_Nk.-..-._.f?.‘.w.ﬂf?_-..‘i__...}-.‘,{,’....._.,._.,-.....U.] (50)

“¢o

Both kd and k5 docroago with the lncroase In 1ino rnnctnnﬁu,
whilo kd dmcfonuun and ks inurnauuh w}th'thé incroatio ;n |
lino rosistanceo, veo Figurnn 31 and 32. For a machino
without voltaqgo rogulator tho maln synchrontzlng componont.
comon throdgh thu_block kl,'whilo'thu totﬁl damping
componont comos through kd.' Thun hoth damping nnq'
synchronizing coofficlonts increase with tho decroaso of
lino rosistance., "his agroas with tho rosult publishod in
[25), (26). For a maching with voltagd rogulator thao
'main'nynch;onizing componoent otill comoulthrough kl’

thoroforo tho uynchronizihg coofflclont has the pamo

e



o

b g e m w0 A
o bt et e T

{1 (., ) .4 . (.4, (., H 1.0

Floaure 4} ‘kd voerpun ¥

fno

N
7'
.
'
g

. AN
L AN
~
~. ™~
‘ .
iy, 00

/—'\-H.h'
0 r“"“.“

1

1o~
. \‘
\- \‘\.
= i
"' 1 \\u~‘\“‘k \-""-.“
\:\ ":::“W‘N_‘.\
-~ . e
\;&ﬁ«. ".\
. hat
"-.\N
-, 4 L zfl

) 28 " 0.4 N 1 N7 JLo

Flgure 32 K, .varsus ¥
4] (&




81

mantloned Chnrncthtlﬁtic. On Lhu other “hand dnmping
.Lorqun comuu “via lg; channols, flrnt the natural Qumping
throuqh.k4 which lncrnnﬁuu with the dccrﬁﬁhn of Ling
ruﬁlﬁLﬁﬁCh‘ Hnnnndly t.h rﬁquln!or dumping comay through
kg‘whi&h bnerenson with the increnfe inJlinu rnnlntanca.
The total damping fullows the bhéraétﬁrinfic of the
-prndomlnnnL uamponnnL uf the regulator act ion. It in

obvious that invrnnn!nq 1hn line ruﬁlntnncn 0o incruaﬂn tha

JQumang voalfficla

Lt would not b prncticnl bucnunu it would

increane power log

Av2,2 Bffect of Ddamper Windlng

The effoct of damping wlnaiﬁ% inductanca-qn térquh
coaf{flocionts has boon mnntionnd'hﬁforu iy several annéti-
gators [27}; (26]. Uning the provqug\nlqorjrhm it iﬁ now
poﬁﬁjh]n to discuss and calculats the affoct of both damper
wjndjnq roaslotanca and jnductnnca in Mmore dn!nil.

Thes utnLor trantfonts which are unidirectional f]u/
componantn rnfluand into approximately GO ayclat/sec .
currents in tho dampear winding aquuLt, thus theay will be
‘mupprnnﬁnd by itn.raquuhncu.~‘Thnrnﬁdrglthn induaﬁq a;m;f.
in the damper winding will bLe agsumed ;nLnly in phade and
- proportional to the spaed of rotor mechanical onoillations
Aute Howevir, wa notjcn'a-ﬁynahrmni?inq component. dues to - _V
tha dnmpnr windiﬁg;- In ordar to nxplain such’ ﬁynchroni/ian

gonponont, Rark's trannformation in conﬂidcrad wirb & ﬁmall
. N -J )_
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deviation in rotor speed Aw

vy = % (p, cOS(ugthw) t+8y) + Y (oS ((wy+Aw) t=120+8 )
» ' a/ ”’
( + wc (cos((mQ+Am)t+120+60)}
_2 ' | s
= 3:{wa cos(m0t+6o) + wb cos(w0t+60 120)
| + ¥, cos{uwyt+§,+120)}
5. : : . L -
=~ 5 sin Awt {wa_Sln(@0t+50) + wb s;n(m0t+60—120)
. o+ wb 51n(w0t+60+120)}
wd = l[,)d)(,uI - ¢q) Awt - (78)
0 “o0
where §.) and ¢q) are direct and quadrature axis fluxes
W W
t] . ]

. ] H i -
referred to nominal speed axes. Eguation (78) shows that

induced e.m.f. in the amortisseur circuit is in phase and

"proportional to Aw, as long as the rate of change of by) is

w
0

neglected. Also it can be seen that the induced e.m.f. in the
direct axis circuit is proportional to the guadrature axis

£1
bux wq)

. and vice versa, which ij well known physically.

0
/ : . e s
Al though the “nduced . e.m.f. in the amortisseur circuit 1s
~in time phase with Aw, the circulating current lags behind
the voltage due to amortisseur leakage inductance. Thus

amortisseur current has two components one in phase with

Aw which produces damping torgue and the other in phase

quédrature which contributes a synchronizing component. It

H
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is obvious that £he more lagging, fhe more reduction in the
damping componént. Figure 33 shows the damping componént
developéd by the amortisseur for dif?erent impedance
angles.

The effect of damper winding resistance has been

indicated by Hammors [28] as the reduction in damp;%\

resistance reduces the damping torgque. However, this is only

££ué over part of the possible range of resistance; We
have found [29] that if the damper resistance is decreased
sufficiently the damping in fact becomes negative; also
if'thg résistance is increased the damping eventually
decreases. Figure -34 shows the damping cbefficient aé affected
by damper resistance, aléo the synchronizing coefficient \
has been displayed.in Figure 34, which is almost decreased |
with the increasing of damper resistance in t@o ways;
one is the total reduction of amortisseur curréﬁt and the
ﬁiher is the reduction of amortisseur contribution to the
synchronizing coefficient due to decreasing of amo;tisseur‘
impedance angle. The effect of cﬁénging_daﬁper(yinding
resistange is also shown in.Figure 35, illustrating the
movement of the eigenvalue corresponding to rotor
osciilation.

The behaviour of the démping coefficient and the

induced negative damping can be explained by the aid of the

‘impedance locus Figure 36, drawn to the equivalent circuit

shown in Figure 2. Instead of using a long analytical
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focmula to calculate the damping coefficient whereéit is
not possrblt Lo'estlmate the effcct ‘of the parameter ;a2
‘simple formula'iatreduced by Liwschitz [30] will be ed.
It is good enough to do some gualitative stadies'and to

find a simple physical explanation for the parameter

variations. Damping torque can be divided into two

/‘
components. The p051t1ve.damplng torque which 15 called
the retor damping dep%nds mainly upon the rotor resistance,
and the negative damping” orque which is called the stator
damping depends upon the armature reeistance. The rotor
damping is given by . o ’u
. 2 X,:./Sp ' /sp )
. e 2d .
T = £ [=—— sin?$ -*——EL——-COS 8§71 (79)
T .
4z o Zgg2 0 Zaq? 0 :
. - : N\ ' ;
where ‘ ‘ !
X x ' '
: z 1 1
Sp = — T = — T = —
W . 1d X4 lq xaq
< : - Cor, o g% .
| xpg = %y FALFT) Xog
= +
Xeq = X1t ) ¥ikg .
2 - : 2 ' 2
2.4 Kl+rld) rzd/spl + X g
2 : 2 ' 2- '
= [l+7 r +

r, and xz‘are equivalent rotor resistance and o
leakage inductance. From equation {79) and Figure 36a we
can conclude that.increasing damper winding resistance

increases the equivalent resistance réd ap to a peak valug,

o o
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and then decreases againy but,to a value higher than the o
- e : :
nomlnal value. This explains why the damping coecfficient

“dncreases and eventually decreases to a value—hlghen than

-~

the notmal value. Deoreasing amortlsseur resistance
decfeases the positive. damping so that Lhe negative”
component tends to be predomiggn; and the overali damping ,
falls to negative valnes. Also At can be noticed how £he -
change in the eqnivalent.roﬁornresistsnce ;s'steep for
small values‘of-amortissenf resistance and becomes flat at

L3

higher values. The point of infinite amortisseur
resistance is equivalent £5 a machine ﬁithont damper winding.

! Another perameﬁer variasion_to be investigated is
amortisssur leekage reaoEance. a_plot'of.both dsmping.and
synchronizing‘torque coefficient corresponding to different ‘
leakage reactance is’ shown in. Flgure 37. Synchronizing o
torque decreases with the increase of leakage reactance .
which suppresses amortlsseur currents of both mechanlcal
oscillation’ frequency or stator ﬁrequency, i.e.,

- 3
decreasing the contribution of amortisseur to the machine

.

aampingeand synchronizing torques. Folloging the same
procedurg we can predict a minimnm value‘for the damping
coefficidnt it is clear from Figure 36b. |

-As a conclusionf we can sa?ﬂthat unless the-damp
winding -is designed for another purpose it is'reoommendedl

to decrease the leakage reactance and choose the amortisseur

resistance to optimiée the damping coeffi&k&nt.

=~
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4.2.3 Effect of Voltage Régulator

It -has been indicated that the field winding is
the main sodrce of the machine synchronizing torque. Most
of the synchronizing component comes through the .field-
current itself to. stablllze the machine into the equlllbrlum
p01nt which is called the steady state synchronlzlng torque
In most cases the contribution due to the field current
changes is small®- except in some critical cases.ghere the
3ynchrohizing torque‘is small and the contribut%on of the
field regulator is necessdry to maintain the stabﬂh}

" The expressmon for the synchronlzlng torque
coefficient given by equation (62)

- ' . ks kX
kK = k 2 e 75

s 1 17k + kg k- w

7 (62)
Osc TdO Te

shows that for p051t1ve values of k which is the case of

5/
light to medium loading, the voltage regulator cdntributes‘
negative synchronizing torgque and the. total synchronizing
torque ‘is redgced [16], as the case SHOWn in figure 38.

. Fortﬁnatély thi's is;;f no practicalsconcern, since ?or-these
loadings ki is usually high, making the net'synchroniéing

5
case of heavy loading the voltage regulator contributes

torque sufficiently high. 1If k. is negative, which is the

positive synchronizing and the total synchronizing component
increases witﬁﬂ%@e increase of the regulator gain. However,
this increase is associated with increasing negative

damping torque, and the instability is due to negative

. - )
< 1,
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' P
damping. . Referring to the blockdiieram Figure 12, it can

‘he seen that decreasing the

fi'eld winding and/or exciter

time constants, results in increasing thewfield current

) u
- component in time phase with the angle changes Ad, i.e.,

increasing the synchronizing torque coefficient as seen in

Flgure 38.

In most cases espec
damper winding the damping
reguiator plays-a big role

torque. However, in those

N

ially with machines without a

'is small and the voltage

in determining the total damping

cases where k5 is negative the

voltage regulator supplies negative damping which destroys

the natural damping. Then

increasing exciter gain may

LF [ .
turn the machine out of step due’ to an overall negative

damping. In general increasing the exciter gain

deteriorates the natural damping. However, with positiVe

k5 the voltage regulator contributes posmtlve damping whlch

may compensate for the reductlon in natural damping. This"

analyeis leads to the idea

that it should be an optlmél ]

| value for the exciter galn to develop maximum damping

torque. Thls idea is preved by Figure 39. The optimal

exciter gain is obtalned by
of the torgue component due

wir.t. k_. .
e

AT : )

&1fferent1a£&ng the real-part

to change in Eq equation (80)

{lk, kgtk,d + 5 T, Kk,

o = T z ]
AS l/k3+ke k6+S(Te/k3+Td0 Y+S ?do T

due to AE
g

{80)
e

R T
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Figure 39 shows that the overall damping increases with
. : v

the increase in field time constant. = The same effect is
to be expected'wifh'exciter'time constant. The optimal

exciter gain is increased with the increase of the field

time constant. _ . ¢

¢

It is recommended to tune the exciter gain for

-

maximum damping torque as long as we do. not sacrifice

AsynchrOnizing/Eomponent or terminal voltage deviation. '

Al
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CHAPTER 5

POWER SYSTEM STABILIZER

-

c

5:1 Excitation System

The field windings of synchronous machineé are
‘supplied with a difect curfent source called the exciter.
Former practice, now almost obsolete, was,for a station
;o'haye an excitation bus fed by a numbef of excitéfs
operating in parallel and supplying power to the fields of
all the a-c generators in the station. The present-
practice is far each a{c gener;tor to haﬁe‘its own exciter,
which is usually direcﬁly coﬁnected to_ﬁhe main generator

o
but sometimes is driven by a motor or small prime mover

or'both. Modern generators Qﬁ'a power system are invariably
eqﬁipped with High—sééed cbntinuously acting excitation
systems. These are feedback control systems which regula;e
the £erminal voltage of the machine. Such systems using
rotating or magnetic amplifiers have been ﬁsed for a
number ofaiyears in the control of generator excitation
supplied by the'ro;atinqckm:exciter usually mounted on the
generator shaft. 'This type of excitation system can be
shown to have beneficial effects on systém stébiiity,
particularly fqr trqgsient @isturbances [317.

| ﬁore reCentlyr;otéting exciters have been replaced

by so-called static exciters in which the generator

- ©_95.
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supplics its own excitation thrqugh ;ectifiers supplied
ffom a transformer connected»fg the generator terminals.
The exciter voltage is controlled by the use of éontrolled
‘rectifiers gsing a signal .derived from the generator
potential transfo:@ers and amplified in electronic circuits.
A schematié diagram of a thyristor excitation system used
by Ontario HQdigxigﬁfh wn in Figure 40. This Eype of
excitation is a si;;}E{EEEB adﬁance over previously used
excitation systems, in iFgrpossible effects on steady-state
ahd transient stability:&im;ﬂg ecause of its ability to
change generatéz\{iglg oltagejalmost instantaneously. It
also has certain advant%gii/y{th respect to maintenance.

. A static exciter can be represented according to
the IEEE wOfking Group recommendation [32]. The thyristor
type tr;nsfer function can be considered as a special case
of the recommended type-1 excitation system, Figure 6.

\

Excitation system transfer function reduces to

Fast response static exciters have been originally
used with and expanded over hydro units, where typicq}ly
long transmission circuits connect the plant to the system
and stability is an important 'design consideration.
Electronic exciters have become nearly the standard fof

hydro installations. Virtualiy all hydraulic generating

units installed in Ontario Hydro since. 1964 have been

&
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equipped with static excitation sysﬁems. Successful
operation of the static exciter in hydro units was followed
by application to thermal units.

Static exciters have been found to meet the majority
of power system stability requlrements. However, they |
suffer'from a main drawback-which had to be solvedb:before
they could be used practically. High ceiling vpltage‘and'
high speed of response are optimal requirements for -~
large transient disturbances. An Excitation,system,~as
well as having the high gain and high ceiling required for
maximum effect on transient stability mus£ also operaté
satisfactorily during normal steady“stéte or small
oscillation conditions on the system. A static exciter.in\
fact, also has desirable characteristics from this point
of view that it has the ability to maintain essen?ially
constant terminai voltage for smail perturbationsﬁ
Performance equivalent to an effective generator impedance
of zero appears to be pOssible in the steady-state. However
it has“Béen found that high.gain and high spéed/of response

may decrease the machine dampihg and even make it negative.

To gain any real advantage from static exciters it is

‘necessary to introduce a special control signal to increase

damping.

5.2 Philosophy of Stabilizing Signal




~
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5.2.1 Necessity of Stabilizing Signal

The use-of a fast response, high ceiling voltage )
and high gain static exciter has been recommended. Ilowever, L\>

the problem of weak damping associated with thiS‘type of

[

exc1tatlon has been indicated. This problem of small

damping can be explained eilther by the block dlagram y
Flgu;e l2 or by the tie-line pow;r variation. Referring to
the block diagram Figure 1.2, 1t has been noticed that with
the voltage regulator in operation/ the démagnetizing
compeonent comes through k4 causing‘a‘ggeaﬁly attenu%téd
effect relative tﬁ.that which it had with no voltage
regulator. For the case‘with}voltage'regulafor, this

particulaf component- of torque becomes approximately [16]

&

T —ky Ky

= T
AS K, k6[l+S(TdO /ke kgl

The qontribution of this component becomes less as tﬁe
exciter gaip increases. %or negative ks, which occurs for
moderate to high system transfer -impedances, and heavy
loading the voltage regulator-contributes positivé
synchronizing torque at low ﬁrequencies which 1s beneficial
in those casgs where the transient‘qoefficient kl is low.
Thus it can be s that increasiné‘the regulator gain
increases the sync ronizing torqge and cures this part of

the Stablllty problem. However,. increasing regulator gain

increases the component of negative damplng which destroys

-/
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the machines natural damping and leads to instability.
In general with much increase in regulatok'gai% and decrease

' in its effective time constant the damping torgue eventually

-

decreases. - Instead of limiting the regulator gain which
may cause unacceptable voltage deviations and/or decrease

N
the synchronizing component, the constraint on the regulator

gain due to damping problems can be released if the damping
component is provided by an additional stabilizing signal.

5.2.2 Required Stabilizing Signal

Another way to understand the effect of the voltage
regulatof on the.damping torque component s to examine
the tie-line power interchange ([33]: Such analysis has

been extended to give some physical interpretations to the

ey
L

previously discussed block diagram and to search for the ~
required stabilizing signal. If the te;minal voltagel e,
increases in ﬁagnitude during the time that the angle § is
increasing, power transfer across the line will be ™ °
-iﬁcreased. Assuming the.action of the turbine gévernor

is slerr such excesg*power will be supplied by the stored
inertia energy anpgd the‘machine decelerates, thus the.change
of ‘the angle -6 will be opposed. Conversely, a.reduction of‘
terminal voltage while the angle § is dec;eésingtwill oppose
the deé;ease and the swing is damped. In the production of
positive daméing the tip of phasor e, will describe a

counter clockwise spiral which converges. Figure 4la shows
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the case of positive damping with hohvolta?efieﬂulatOI, ﬂ}i(
" the change of the tormlnal voltage retards the change in
le due to the fleld time constant which keeps the
erminal yoltage higher'than thi.steadywstate locus durihg

-

Q\ﬁilncrea51ng angle and lower thafi the steady-state locus
during recovery sw1ng of angle‘ L% such a process 1is.
reversed, i.e., the termlnéi voltage is less than the
steady-state voLtagenwhile the machine swings away,
negative damping will be otoduced and the toltage tip will

" trace a clockﬁise_divergent spira}. , N
© This damping component represents the "damping

. coming through the block k {see the block dlagram Figure
15; which ‘is due to‘armatore reactlgg. The functlon of the
voltage regulator is to keep the te;minal voltage a;most
constant, thus it wili reduce the magnitude of such natural
damping.whether it 1is positive or negative. If terminal
voltage should be rigidly end instantaneously regulated to
a constant value Figure 41lb, all the natural damping will
be destroyed. - However the action of the regulator itself
will contribute another damping component whlch represents

~ the component coming through the block’k5 Figure 12. For

poeitivervalues of kS' during increasing of the angle &,
the terminal voltage will be higher than the reference &,
value, i.e., more oower is transmitted while the regulator

tends to decrease the field flux linkages, i.e., -less

power generation. This will result in additional - \\\;;
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deceleratioh and positive damping is‘introddced. Conﬁersely
for negative vélﬁﬁf of_k5 the.terminal'voltage will be less
than the reﬁerence.voltage while the angle § is decreasing,
thns a negative damping is introduced.f ‘
Figures'4lc and 42 show the variations‘in angle &
and speed w durlng sustalned swings. In order to increase
R

the synchronizing 1nfluence the added smgnal ﬁas to produce
a change in the terminal voltage prop rtlonal to the change

in the anglc §.” On the other han o increase the damplng

~ s

lnfluence it has to produce a change in the terminal //?
voltage proportlonal to the change -‘in the speed w. 4;§
order to~“have both positive damping and synchronlzang
influences the terminal voltage should follow a/iocus like
the dotted one, Figure 4lc. . Since we are conferned with
a weak damping problem, the stabilizing signal has to be
proportlonal to the speed changes. 2ﬁ

An amount of phase lead should be’added to the |
stabilizing signal to compensate for the fleld delay, Uéus
a pure damping torqgue c¢an be developed. It can be seen
from figure 42 that excess phase leadlresults in a negative
synchronizing contribution and less phase lead, i.e., with
a net phase lag contributes a posltive synchronizing
component. ?herefore it should be noted that the added
phase lead should not exceed the field phase lag in low

frequency of oscillation which is characterized by-small

synchronizing coefficient.

G
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a - excess lead b - less lead

Figure 42 Effect of excess lead
; “composition
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-

The previous analysis leads to choocse the spee5

variations as a stabilizing signal. Figure 414 shows guch
- .

a signal provided with a proper phase lead. Most of the
stabilizing achemes use speed variation signal, hoﬁever,
the following signals may-be considered [34]

"1) rate of change of terminal voltage

2) a%seleration' o

3) rate of change.of field_current

4) subtransient direct axis field aurrent

5) subtransient quadrature axis field current

A

6) rate of changg of armature current

Choos ng of thé signal scheme depends upon the hardware
implem&ntations. k

5.2.3 Stabilizing Signal Constraints

> . ' E %

The stabilizing signal transferlfunction should be

///ﬁy designed to ensure positive damping and sfncﬁronizing
torques over a broad range of operating conditions and
natural frequencies. However, these considerations and
constraints should be satisfied.

~

1) Tae signal'should not produce a steady-state
! ‘offset of voltage reference. Therefore-a washout
c1rcu1t is 1ntroduced to ellmlnate the steady state
‘ﬁpeed signal.

2) . It should be physicaily realizable and easy to

) design its parameters. Since lead functions can
! : L‘ ' ., ' Y

»
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only bé realized with.leédrlag pairs, a,lead—lag
network may be considered.

3) To prevent excessive terminal voltage due to

an increase in sPeea resulting from loss'df load,

a limit éirdﬁit is provided that prevents generator
over-voltage. A conservafive limit of 0.05 per-
o unitl[3S] for the stabilizer output is normally

used in practice.

“t

5.3 Design of Power System Stabilizer

5.3.1 Primitive Design

“Several bapers over the past few years [16], [BSj
and {36] have been directed towards the problem of
synthesizing the appropriate power stabilizer setting to
improve  the damping characteristic of synchronous
generators. The model used for this analysis is the same
previously aiscussed blo&k diagram. The.speed'signal is
considered where it is fed to the exciter through the
-transfer function G(s), the complete diagram is shown in
Figure 43. °

Th§ torque developed due to such a signal can Ee
described as ,
o

AT s g _ k, G, G;
Aw 1+k

6

where
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i.e., unction is {

G(s) (81)

= 7 z T
Aw .(1/k3+ke 6)+S(Te{k3+rd0 )*¥8° T30 Te

If we {ish the stabiiizingusignal to provide pure
damping, then G(s) should introduce an adequate phase lead

to compensate the‘phaée lag existingtin the‘denominator

— -t

due to this time lag of the exciter and field winding. The RC
network shown in Figure 44 is used in building the

compensatox. The transfer nction of such @ network is

_ 148 ot
G(s)-3 1+ST
- "where v

R TRy

a —

PR 2

- R R2 c
Rl + -R2

. . 1 ‘ s
since an attenuation of results from the passive

s | - a

network of Figure 44, an extra gain must b added such
that the compensator transfer function.becomes

_ (145 1) | K
G(s) = K'q1¥sm) -

) A% , :
Investigation of some characteristics of the RC

(82)

network will be useful to perform the desigﬁ_procedure.

~ ‘ »

PR
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The specifications of irterest are, the maximum phase
lead angle ¢m available from such a.network and the
- r . - -
corresppnding frequency. -The phase angle can be written

in the form ) ’ . ’

-1 awT-wT

¢ = tan - THD fa

By digferentiating with respect to w and equating to 2zero,.

the frequency at which the maximum lead angle occurs 1is

_ L
“n T 1va
and the maximum lead angle 1is
- = sin"l &2
B ] o + 1

Table 5 shows wvalues of the maximum lead angle ¢_ for

. m
different values of a.
o 4 7 10 13 16
. ¢m 37 49 56 59 | 62
Degrees

Table 5 . Values of maximum .
lead angle

Tdble,s shows the ranges of T and a for practical range
of frequency.3.5 - 50 (rad./sec), which will serve as a

guide to choose the values of o and 1 for the Eompensator.

bl
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T 0.0L | 0.02] 0.03 { 0.04 | 0.05 | 0.06 {0

a
19 . A
4 50 25 | 16.6 { 12.5 | 10 8.3
- frad/sec)

7 37.8 | 18.9 | 12.6 9.4 7.6 6.3
10 “31.6 | 15.8 | 10.5 7.9 6.3 1 5.3
13 27.7 | 13.9 ] 9.2 6.9 | 5.5] 4.5
16 25 12.5 8.3 625 5 4.15

Table 6 Values of frequency at which
maximum lead occurs as o and
T varies
The proper phase lead can be achieved if we cheoose
oo = 10 and t = 0.01, which provides the required lead at
the dominant frequency of oscillation, the corresponding

max imum phase lead angle of 56° occurs at w = 31.6 rad/sec.

For gain adjustment it can be seen that as galin increases

the supplemental damping component increases., However,

the use of hlgh gain would have caused more freguent
limiting without proportional increase of damping
influence during system swings. An output of from 2 to
5'volts per radian per seqqnd has been foun%‘sqitable to
date [37]. Damplng ratio £ of 0.5 has been considered as
a criterion to determlne the reéhlred gain. Steadyﬁstate
speed signal can be eliminated by applyidng the stabilizing

signal through a transfer function of the form STw/(l+STw)
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thus giving a washout effect.- The value of time constant

T, doés not appear to be critical prqvided it doeg'not

introdﬁce significant phase shift at‘frequencies of interest

ot that such Ehase-shift is compensated elsewhere. A

value of &w = 3.0 [38] sgconds results in sati§factory"
éﬁberation. The block diagram of the stabilizing loop is

shown in Figure 45.

5.3.2 ‘'Suboptimal Stabilizer

A design procedure to calculate the parameters of
the stabilizer has been considered. Such a stabilizer
satisfies the fequired damping ratio §, however, it‘yields
thié proper ratio only at one frequeﬂcy. An attempt to
seek for a stabilizer transfer function wﬁich will be

optimal over a wide range of frequency has been carried

out by Demello and Concerdia [16]. N -
- e .

The stabilizer transfer ﬁunction G(s) 1s designed
so that it provides a lead angie to compensate the lag .
angle of the exciter and the field, then thie gain is
adjusted to achieve the‘é&quireﬂ damping ratio. Reverting
back to the block diagra# shown in Figure 12 we can write

k, k
AT 0 _ - 2 e
= z | B ] T
- ”T’*AEtref““*il/k3+kek6)*Jm(Te/k3*Td0”ljm”T T

(83)
do e Tt T

‘The lag angle of the machine function y is shown in

Figure 46. If at a given frequency of oscillation W,

G(jw) has more lead angle & than the lag angl® of the
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Block diagram of the stabilizer

Figure 47
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machine y, then in addition to the damping component, we -
have a negative synchronizing component, the'magnitude of
‘these two components being related to the sine and cosine
of this difference in angles. Then the relative magnitude

of the synchronizing torque'TS to damping torque T

d‘at that

frequency produced by the stabilizing signal is

o

Eg': sin(y-8)
cos (y—8)

Ta

Since it is very difficult to synthesize a transfer
function which will provide exact angle cancellatign'for
all frequenqies, and indeed it is preferrea to provide
some synchronizing component in the cases of sma;l
synchronizing torques, we have to take into consideration
.thaFt at low f}equencies which.are aséociated with weak
synchronizing torques, one should strive to hold 8 less
than Yy, or.if this is nothpossible, at least keep 8 close
to y. On the 6ther hand at high frequencies of oscillation
there is no disadvantage in subtracting a part from the
synchroniziﬁg component, since tﬁe synchronizing torque is
already sufficiently high. As a matter of fact, the
machine angle # becomes incréasingly lagging with increasing
fféqueﬂcy”whéféaé;ibecause of-hardware limitations, the
* stabilizer ceases to providg,increasing phése leads at

these higher frequepcies, therefore 6 will be less than Y.

Howevér, in this range of'iyequencies (6-y) should not be
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.so large as tﬁﬂiﬁcreasé théfsynchronizing component
significantlf, which in turn will increase the frequedg}
of oscillétion; lKeepin? the angle difference (y-0) within
:30° for the fréquency spectrum of concern is acceptable
[16] . | , . | L

The required magnitude of the stabilizer transfer

.fuhction has been calculated according to equation (83) to
supply a pure damping component such that the total damping
would result in a damping ratio of 0.5. Those calculated

values have been plotted as a function of w in Figures 48

pe

and 49. ) . '
The éarameters of the stabilizer can be chosen

the light of the previous recommendations. It ﬁas been

/ ound that one leadilag network is not sufficient to
provide the proper‘lead angle,'since the phase angle
readily obtainable from this network is not much greater
than about 650.' More than one section of £he éompensator
network would be required. Tﬁﬁs the stabilizer transfer

3

function is giveh by

4

s (1+GTS) (l+aTS)
1+3S 147 1+TS

G(s) = K

Different values for a, T.and K have been checked for the..

1

stabilizer parameters, the correspondiné performance has
been compared with, the required one, Figures 48 and 49.
The stabilizer shown in Figure 47 has been found to vield’

.sufficiéntly close bérformance, Figures 48 and 49, and

4
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- satisfies the previous recommendations.

.
i

5.4 Power System Stabilizer for Different Loading

A stabilizer compensator has neen designed to
compensate the machine lag angle and to prov1de an
appropriate damping to achieve a damplng ratio of 0.5% an
attempt has been made in the previous section towards moreA
generality by synthesizing a ‘compensator transfer function
which satisfies thosefcondieions'ovef the'whole'frequency
spectrum of congern. The only ‘point remaining to achieve a
universal stablllzer is to. meet those requlrements at.
different loadlng p01nts. In the prev1ous design the

6

studies done in section 4.4 reveals that those coefficients
-

widely change with load.

. coefficients ?i - k_ has been assumed constant, however

<

N
Sinc® the speed signal 'is a oollectlon of . olfferent

imodes of oscillations, the-stabilizer should be optlmal
fos all those modes, however, as some sort of compromise
more attention will be given to the dominant mode of the
speed signal Aw. To perform such a design we have to have
the coefficients kl - ks as funct%ons of the frequency of

oscillation. For different values of loading the

6

¢o ef}?fi'é'i'én"t_s' kl - k Wﬁﬁéﬁf’e"béé'ﬁ'_ﬁé'lbﬁla’t'éd_a's “well—as the- - e

corresponding damping torque, synchropizing torque, and .

frequency of oscillation. Figures 50 - 54 show the plot

of those coefficient versus the corresponding natural
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"Figure 55 Block diagram' of the stabilizer
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frequency of oscillétions} it is évident from these.plots
that, although_the‘frequency band is narrow, variations of
the coefficients are considerable. It is more evident that
variatidns of the coefficients follow distinct curves for
different.values of generating power. The required lead
angles to balance the machine'iag angles as well as the
requiréd gain to produce a damping ratio of 0.5 have been

calculated. Those results are illustrated in Figure 56

and 57 and Table 7. Once can notice that for all possible

loads the frequency of oscillation changes within w=5.49
rad./sec. to 8.l-rad./sec. whicﬁ is a narrow band, the
required lead angle lays between 39.4° to 61.80,.the ©
required gain has a bigger variation between 12 to 90. Also
it can be seen_that‘the reqﬁired lead angle may be satisfied
within the frequency band, while it is hard to'satisfy‘the
required gain. However,.it may be possible to come more
close to the required angle and magnitude if the stabilizer
is tuned for each generating power level.

If it is not possible to tune the stabilizer at the

\

different generating levels, it is possible to design the

stabilizer to be close to the required gains and angles

corresponding to all possible loading. . Such a way of design

is equivalent to design a separate stabilizer for every
operating point taking into consideration the dominant
mode of the mechanical oscillations, and averaging the

whole group of the calculated stabilizers. In order to have

a8
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a better response for the oﬁher modes such a design shbuld
be done in the light of the whole frequency spectrum. A
stabilizcr design according to this method is shown in
Figure 55. The reguired gain ana angle to achieve a damping
ratio of 0.5 hés been calculat@d for all pbssible loads over
the frequcncy spectrum of concérn, {(seec Figures 58 and 59).
Also, the gain and phase lead prodﬁced by such a stabilizer
are plotted, which show an acceptdble pérformance over the

frequency spectrum.

‘Per-unit’ p=0"2 p=0.4 p=0.6 p=0.8 p=1,0
Generation’ :
Maximum 6.83. | 6.94 7.13 7.33 8.1
Freguency ]
(rad./sec.)
Minimum
Frequency 5.49 5.91 6.54 7.23 7.92
(rad./sec.)
Maximum Lead
Angle © 44.3 46,2 47.8 55.4 61.8
Minimum Lead : '
Angle o) . '39.4 43.2 48.3 47.6 50.9
Maximum Gain 90 48 35 27" 26
Minimum Gain. 35 18 12 13 12.
Table 7 Stabilizer specifications for
o different lodding
- & "
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5.5 Digital‘Computer Verification

- The procedure of designing a power system
stabilizer has been illustrated, howevef, such a design
has been accomplished with the inclusion of sdmg approxi;
mations. Thus it is necessary to check the operation of
the calculated}stabilizer taking into consideration the
other possible fagtors. | |

The full médel representation of the system
including the stabilizer loop is shown in;Figure 60. The

gystem equation (46)

(46)

o

1

e ks

R
i
O
54
+
]
[}

)

(
S
L

4 A
has been expanded to include the additional states of the °~

stabilizer loop.

Il =

TAex —‘kat Aw kK Aw - k Aex | {84)

TAest— aT Aex Aex - Aest . (85)

Eﬁ;/previously discussed PQR éechniqué has‘Eeen
pérformed to obtain the state space equation with the
stabilizer constant given in Figure 55. A génerating
power 0.6+3J0.4 has been considered as a mid point for
coﬁparison. Without tuning the stabilizer fof this

generating level, the damping performance of the system

with and without stabilizerx aré'as follows:
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1 + ST Cx 1+ 5 a7
1+ 581 1+ 8T
) kK 5 1w
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Figure 60 'U Complete system model .
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Eigenvalues cofreéponding to the main rotor oscillation:

|

a) without stabilizer -.357 + j 9.92

b) with stagilizer '=6.36 + 3 7.64

Torque Coefficients: ) -

é) without stabilizer: Y
kd = 0.009 p.u./rad./sec.
ks = 1.74 p.u./rad.

b) with stabilizer:

kd = 0.086 p.u./rad. /sec..
- ~

ks = 1.647 p.u./rad.

Damping Ratio:

a)  without stabilizer 0.025

b) with stabilizer = 0.28

‘The time responses of the angle § swings are shown in

Figure 61.

Thus it can be noticed that inclusion of the

" stabilizer provides.a reasonable amount of -damping. The

frequency of oscillation has been decreased due to

reduction of the synchfonizipqucompdnent and the considerable
véihé‘of £. Moreover such analysis assured that the
stabili?er -which” has been designed, according to a

simplified model for different loading gives an aéceptable
pefformance when the full representation model is

considered.
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Figure 61 Rotor oscillations with and without stabilizer

With stabilizer
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CHAPTER 6

GENERAL CONCLUSIONS AND RECOMMENDATIONS

6.1 Operhting Limits

Operating,enéineers are éartiéularly interésted in
operating.limité of synchronous-generétors. There are .
four %ajor factors‘to he considered: 7 )

(a) heating of phase windings

(b) heating of field winding

(¢) prime-mover rating |

() steng*state stability
A typical set ogigberatingrlimits is shown in Figure 62,.
and the diagram is often called a capability diagram.

The heating limits can be related to the rated
current specified for rated operating conditions, circle
"al;I répresénts armature heating limit, Eircle,"b" represehts
£ield heating limit.

Thé rated power from the prime-mover is also
given by the rated operating point P.. A horizontal line
through Pr defines the real power limit.

Another limit defined by the pull-out power is the
steady—state stability limit. This limit is the straight
vertical liné "d" through 0 in the simplest case, which
is-corresponding to rotor angle "§" equal to 90°.

The previous operating range has been defined from

129
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the steady-state stability point of view and/or the
generator capability. ifowever, it has been shown that
. o - - . .

I

. o ' - . Vel I
other conditions have tc be satisfied for the sy§tem to o

" /

be dynamically stable.  During this work damping and
synchronizing torque coefficients have been used as a
criterion to judge the system stability. The system will

be stable if and only if

Positive synchronizing torque assumed'resto;ingethe_;otor
-ang}g of the machine following an arbitrary small dispiace—
ment of this angle. Positive dampingfis necessary. to

damp out oscillation due to any perturbation. Figure 63a’
‘'shows a stablg‘system, Figure 63b éhdws an unstable system
due to negative damping which is characterized by growing
osdiilation, Figure 63c shows unstable system dué to lack
of synchroﬁizing térque which is characterized by the
monotonicall§ increqse'in rotor angle.

The system damping and synchroﬁizing torques have
been examined ovéf the opera£ing range. A new aperating
range enclosing the zoﬁe of posithe damping and
synchron;éing torque coefficients is defined, i.e., the
system stability is assured (see Figure 62, dotted line).
It is evident from Figure 62 that not all the allowable

points in the steady-state operating range are actually
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A
stable, also it reveals that there is an unstable zone

associated with light loads.

6.2 Damping Coefficient Improvement o
It has been found %Hhat most of the reduction in

“ ﬁhe operating range comes due to lack of‘dampiﬂg torque.

" The problem of damping has been glven much attention in

this study. ‘A new technique has been develqped to

calculate both damping and synchronizing torque coefficients
with the £ull model rgpresentation of the system. This |
technigue maée if possib¥e to discover more effects of the
system parameters on those coefficieﬁts,'i.e., on the
stability limit. A conclusion can be made that the problem

of weak or negative'damping might be solved as follpws:

a) System Parameters Design and Adjustment

'Thié study reveals that the damping coefficient
'widely change§ with the variations of some system parameters
which may.maximize the damping-coefficient if they are
chosen properly. Also it has been found generally that
the”high;resistance amortisseur is associated with a

higher damping coéfficient than that damping contributed
by a low-resistance amortigéeur. Furthermore certain

values of damper winding resistance corresponding to the
maximum damping coefficient have been indicated, (see

Figure 34). On thg,otﬁer>hand‘examining the damper

leakage reactance reveals that there is a critical value



B

corresponding to minimum damping coefficient (see Figure

.
35).

The other parameter to be ‘adjusted is the exciter
gain. In general increasing the exciter gain deteriorates

the machines natural damping, while the action of the

. st .
voltage regulator itself may contribute positivé or
negative'damping. In case of negative damping contribution

(k5 < 0) the more exciter gain increases, the more negative

damping is develbpeq;w/;n the case of positive damping

A contribution (k5 > 0), increéasing the exciter gain increases

.

B

the‘damping coefficient. However, ﬁith more increase in %
the exciter'gain thé tota} damping coefficien£ eventualiy
decreases. Such_a characteristic is associated with an
optimal value of tbe.exciter gain which yields a maximum

danping coefficient.

b) Power System Stabilizer

- Proper choice of system parameters may improve the
system damping. However, most generation limits and the
amount of power that can be transmitted between areas

(if limited by stability) are determined by dynamic

stability limits. Therefore, devices that add positive

damping to the system can have a significant effect upon

‘the stability of the system. Furthermore providing an

adequateg%mqﬁng by the stabilizing signal releases “the
constraint on the damper winding paraheters. Thus it may

be designed for the other functions such as to prevent

i
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distortion of véltage wavé-shépe to balance the terminal
voltages and to provide a braking torque on the generator
during én unsymmetrical fault. Rémoving‘the damping °
constaints on the exciter allowed us to design an chiter ¢
with a high gain, and small time constant. This, will ~
provide a sufficient synchronizing torque,_énd maintain é
betéer voltage prgfiie.

Tﬁe most common method of stab}liéing the system
is to,intrbduce damping torque by regulating the g;eld
£flux linkages in phase with the variations in shaft speed.
Because of £h9 inherent time lag in the exciter and the
field gihdihg, the optimum performanée ié obtained froﬁ
a speed signaluwitﬁ a proper phase _lead. The most simple -
and straight'fofward method is to design the stabilizing
signal to provide pure damping to;quenét the dominant
fféquency of thé electromeChanicqg éscillation of the
generator. The best results are obtainédﬁﬁhen fhé
' compenisator is designed to provide a pure dampin ve
‘the whole frequency spectrum of concern. Such a
compensator satisfies the required damping ratio for any
mode of oscillatioﬁ, thus it gives an'acceptable performance

in the case of multi-machine operation. This compensator

is recommended to be used for a machine operating nearly
Ri}:hi;;fd operating point. In.theﬁgase of a machine
whil zmgeslitb generation, from time.to time, another

compensator has been developed in this study. Such a

AN

)
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stabilizer is tuned for each pover generatlng level to
. \
prov1de ‘the required damplng ratlo, or d051gncd to be as

close as possible for the whole operatlng range.

6.3 Major COntfibution of the Thesis

This work has been directed to impfove Ehe-power
Bystem stability of a synchronous machine connected to an
infinite bus through a Fie-lihe.' This goel hee been
achieved by improving the aamping_and synchroniz;ng'torqdes

s

- of the machine. )
_ The methods of calculating‘euch torque components
using:frequeﬁcy domain_analysis‘Eeﬁe been reviewed and
compared .with mcdified frequency analysis-which'show a’
gocd agréement. A new technique to calculate the damping
and synchronlzlng torques uSLng the full model representa-

.\\\Ean of the system has been developed. .Thus it becomes
possible for -the first time to investigate the contribution
of the rotor torque sources into the damping, and\J/ )

synchronizing component. A modified formula for the fotor.

torque has.been developed for this purpcse.

The effect of different loading and system
parameters on damping and synchronizing torque coefficients
has been examined end some new charactenisticsﬂhave been
indicated. The method of anelysis of Schleif, et.al.L[28§

to explain the natural damping componént by the tie-line

power exchange has been reviewed and extended to explain'
[l

~

P
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“the :ole of automatic voltage regulators and to give some
physical inberpretaéions to the block diagram used in this
stﬁdy; \
The methdd of prSviding a damping component by a
. Stabilizing sigﬁal h%s been'harefully‘discussed. The |
design procedure for a stabilizer, which providgs alﬁost

' the required damping ratio for all possible loading points:

has been outlined.

‘i'oi
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APPENDIX I

" SYSTEM DATA

—~

"The following vélues have been used for the system

patameters through this thesis:

3.38

-

"

w, = 377, rad./sec. H = , kg = 0.00268,

Xq = 1.3, xq = 1.2, X¢ =1.22, X d 1.14,

xmq = 1,04, xkd = 1,23, #kq = ;.26, xe f 0.25,

& :
rf = 0.00075, ra = .QOlS, :kd = ,008,
rkd-= 0.00253, re = 0.02
(all circuit éarameters in p.u.)

ke = (0.034, kg = 0.063{ kh = 1.0,

kt = ,35, Ty ~ .095, Tg = ,2 |
-—\ /——‘

T, ==,3, T, = 0.1, T, =.,01

{all time constants in secs)

For a loading of .9 + .436 p.u. E = 1 p.u.

~_ _
(measured at the machine terminals) the following are the

equilibrium values

§ = 0.859 rad. ey = .578,
id = 08761-. ) iq = -483'
- . ¥g =-0:580, Ty = -902,

137
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©p

= 0.816
= 0.817

= ,B899

/




APPENDIX II »

TRANSFORMATION COEFFICIENTS

The direct and guadrature axes transfor-

mation coefficients cy and c_ have been assigned different-

values according to the notation used for representation
of the machine. Most of the literature either used the
value of /273 or 2/3. Professor Lewis [40] has suggested

that taking cd'and cq equal to vV2/3 may poOssess adv;ntages

e

_ . _ >
{rom some standpoints. However, R.H. Park [4] retalns a

preference for cy and Cq being equal to 3/2 and -3/2
|

reépéq&iyely.

' | sfotgssor Lewis c¢laims that choqsing éd = 3/2,
-cq ﬁ.—2/3 respl s in confusing base power."However, ?f
the unit valges Zf armature current, voltage, and flux

linkageé“@thffy

will be taken as the unit power as given by

.

n to be peak values the rated voltampere

i =_id + 3 lq J p.u.
P = e.l + 2 eoio p.u.
KT=$.K1

It alsb_fo@lows.that
=2 \  cos (8-21 27y
L iy 3[ia cos & + i, cos(8-7 ) + #c_cos(8+7r)1

=2 ‘ _27 oy 2n
i 1 511, sin_e +'1, sin(B-57) + 1 sin (6457 ]

138 "
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A point to note is

in setting up equations in

as volts, ampers, and flux

not conflict with arriving

. 139

B8 - i sin 8 + i
q 0

that taking |c = v2/3

d|/= |cq|
terms of measured gquantities
linkages in voltseconds, does

at per-unit results in which

In this study the definition of Park, i.e.,

cy = 2/3 and cq = =2/3.
cd = 2/3 and cq =
W

&

-2/3, has been usedn
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