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ABSTRALT

An investigalion has been carried out intoc methods of represen-
ting synchronous machines in stability studies. Methods of improving

the steady-state stability hauve also been studied.

Different types of large transient disturbances are analysed
and the methods of analyses are classifigd according to the assump-
tions made. fMathematical models are developed to include some of
the phenomena commonly neglected in digital computer studies, Damping
is allowed for more accurately than by the simple method using 2
torque proportional to slip. An even more accurate solution also
includes terms which depend on the rate of change of the flux linkagses
and it is uscd to assess in detail the ‘“Yback-swing" after a three=s
phase fault. A comparative study is made of various numerical inte~

gration techniques suitable for a digital computer.

Steady-state stability studies of & machine with two field
windings are carvied ocut by linearising the systcm equations for
small disturbances and using Nyquist's criterion., The excitation of
the one winding is regulated by a rotor angle feedback signal and
that of the other winding by a voltagefesdback signal. Various

regulators are considered with different transfer functions.

Transient and steady-state stability calculations are compared
with test results of a 30 MW turbo-alternator incorporating voltage
regulators and a governor, as well as with test results obtained
from micro-machine experiments. All the experimental and theoreticel

results shou reasonable agreement,
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CHAPTER 1

1. INTROBUCTIUON

1.1 General

The operation of a synchronous generator in a power system is
severely limited by considerations of stability, particularly at
leading pouer factors. The problem has been more acute in recent
years because 0F the charging current taken by high voltage trans-
mission lines and becausc modern generztors have higher reactances
and lower inertia constants. On the other hand the range of stable
operation can be extended by the use of continuously acting excita-
tion rcsulators. All these factors make it necessary to have
more accurate methods than hitherto for caleculating where the limit

of stability lies and how to improve it where possible,

A power systom containing machines is an inherently non-linear
system, Its stability may be endangered by two types of dis-
tubances viz., a small disturbance or a largec one. Studies con-
cerned with tho first type deal with steady-state stabllity while the
larger disturbances are studicd as tronsient stability probleoms.

This thesis is concernced with the transient stability of a synchro-
nous machine with one field winding on the rotor d-axis,; referred
to as a Mconventionally wound rotor” (c.w.r.) maching, The
steady-state and transient stability of a synchronous machinc with
two displaced field windings, .refcrred to as a "divided winding

rotor" (d.w.r.) machine, is also considered.

For steady-state stability the differential equaticns can be
linearised for small disturbances and tested for stability by es-

tablished criteria. Houwever, a system is regarded as transiently
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stable if after a large disturbance synchronism is not leost. This
definition has been used by most authors althcough the limit of
transient stability mey differ for each tyne of disturbance.
Conditions of pole slipuing and asynchronous operstion are excluded
from this definition The differential cguations sro solved by
using step-by-step integration methods involving laborious and
ropetitive calowlations which are ideally :uited for e digital
computer, In addition more complicate” and accurate machine
representations are possible on modern computers ancd the number

of machines that can ke included in a system study ie limited only
by tho capacity of the computer. Comparative results about the
speed and accuracy of different numerical integration methods are

presented,

Muthods of representing a c.w.r. machine and solving the
equations, are classified occording to the assumptions mede; ond
soma vicws are presented a2bout their application., In Ref, 1
Heavicide's theory is applied to a "simplified representation" and
one type of disturbanco is studied. In this thesis the Laplace
transforms are aprlicd teo the same represcntation in order to in-
vestigate thc same type of disturbance as well as othors. Expres-
sions are found and com:ared for the transient slectrical torgues

after dificrent disturbances.

Two methods which are more accurate than the simplified re-
presontation are developed for @ C.w.r. - as well as a deWeTos
machine. The "approximatc method" makes full allowance for dam-
ping and system resistance and subiransient saliency and variations
in the speoed, but neglects thec changes in flux linkages represented

by de and qu. The "accurate method", howesver, accounts for
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de and qu as well. The accurate method is used to study in
detail the angular back swing or retardation which can be caused
by a threc-phase short-circuit. Although not consideored herc,
the accurate method is also essential to investigate the behaviour
of a rectifier cxcitation system during any transient condition

when the field current Talls to zero.

The stvady~state stzability limits of c.w.r, machines with
different types of rcooulntors, have becn tested and calculated

2,3 and it has becn shouna that under light load

extensively
conditions there are stebility limitations which cannot be overcome
by any regulator on a c.u.r. machine. Howsver, the limitation

can be oveorecome by using a second rotor winding whose M.M,F. is

_ . . ) 4,5
controlled in a suitable manner « Hencoe the divided winding rotor

machine hos a feedback control to each field winding., Perwitting
certain assumptions, it is proved that a suitablg choice of the
dewsr. Ffecedback signals will enahle the current in one ficld winding
(the "torque winding") to control the machine's electrical torque,
independant of the current in the other field winding (tho "reactive
winding") which can be used to contrel the reactive power only.

The cd.w.Ts systom improves the stcady-state stability over the whole
range from no-load to Full-lbad by an amount which depends on the

transfer functions of tho feedback regulators.

A "transformation matrix" is derived and used to replace, mathe-
matically, torque- and reactive windings {(t and r- windings) whach
are not on the main magnetic axcs, by fictitious field windings
fd and fgq on the d and g- axgs. Stability studies arc made as-
if the machinc has two input fiecld voltages Veg and qu whilc

the transfaormation matrix is regerded as part of the feedback regu-
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lators. The stecody~state staobility 1limit is found for dif-
ferent rogulator- and system paramcters to establish the influcnce

of one fesdhock "~ loop upon the other,

PARTS ONE and TWO of the thesis describe the diffcrent
transient disturbinces and methods of representing the c.w.r machine
with particular intcrest 1in the three-phesce fault., PART THREL
investigates the stecady-state and trensient stability of a d.w.r.

machine with particular reference to the regulztor feedback loops.

1.2 Verification of Theories

In the development of any mechine theory it is noecessary to
verify the validity of the theory for practicol use, by comparison
with practical tests carricd out on a number of machines of dif=-
forent size. It is difficult and oxpensive to carry out tests on
full size wachincs to prove thc esccuracy of the theory and it
is therefore neccssary to rosort to model machines., ficro-machines
have been designe: specifically for this purpose and although not
perfect, hehave in a similer mannci to large machines. With the
exception of a fow paramecters, the per unit values are similar
to those of full size commerical machines, The field recistance

cen be reduced as requircd by means of suitable control equipment.

The steady-state and transient statility theorics were verified
by measurements on a c.w.r. and a d.w.r. micro-machine, Transicnt
stability calculations were also comparcd with tcst results and
analoguc cmmputation36 for & 30 Ml c.wer. turbo-alternator as
well as with anzlogue computations5 for a hypothetical 30 MW dewsT.

turbo~alternator,.
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1.3 New Fcrmulations and Conclusians

Same important new formulations and conclusions, most of which
have been con;irmoed experimentally, are summariz-cd as follows.
(a) The expressions for the transient electrical torque show
three familiar torque components which are common toc the large
disturbances analysed,
(b) The development of more general machine equaticns which allow
for damping as well as for the de and qu terms, The error due to
nevlect of the p¥ terms in the analysis of a three-phase fault is
shown with particular reference to the braking torque and ‘back
swing'" of the rotor.
(¢) A novel arrangomaent is shown of the system equations when
they are solved by a fifth order integration routine on a2 digital
computar,
(d) The theory of a d.w,r. machine is developed and a transfor=
mation matrix is found so that the d.u.r. may mathematically be
treated ss a machine with a field winding on each axis.
(e) A caomplete transfer function for a d.w.r. machine with a
control loop to each field winding is developed and rearranged for
ease of use of the Nyquist criterion.,
(f) The control signals of a d.sw.r, machine are studied in order
to find a maximum steady-state operating region and to determine
the effect of gains and time delays of the individual control loaops.
(g) PResults from a digital computer calculaticn are presented

r

for a three-phase short-circuit when the pV¥ and pV¥ terms are

d g
retained in the equations of a d.,w.r. turbo-alternator with a com-

posite representation of the turbine and-governor, the angle regu-

lator feedback and the voltage regulatar feedback.
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l.4 Previously Published [aterial

During the last five years the author of this thesis has

7,8,9

published several papers on the subject of synchronous machine

stalzility. Reference 9 was based on the earlier part of the thesis.

w000~
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CHAPTER 2

2. CLASSIFICATION OF TRANSIENT DISTURBANCES

Different types of large disturbances have becn considered by
various authors who studied ths transient stability of synchronous
machines and used various methods of analysis, This Chapter presants
a survey of various disturbances, and it analyses and compares the

ef fects of some 'disturbances on the electrical torque of the machine,

2.1 Various Types of Disturbances

A literature survey showed that as early as 1929 Park and
Bankerl0 reviewsd the stability problem in 'the light of recent
analytical and experimental studies' accounting for such factors as
the short-circuit ratio, voltage regulators,; excitation systems,
neutral impedance, governors and damper windings, in a two machine
as well as a multi-machine system. This paper was written very
clearly and is a starting point for almost any study on powsr system
stability, The disturbances considered included sudden application of
load on the alternator, opening one of two parallel lines and a short-
circuit along a transmission line. Solutions for simple representa-
tions were obtained by means of the egual area criterion. UWhen
considering features such as saliency, flux decrement, damper windings

and regulators, a step-by-step method of solution was used.

In 1932 Crary and waringl1 set out to establish general equations
from which may be derived specific equations applying to a particular
disturbance such as changes in excitation voltage, in external re-

actance and in system voltage. They provided a step~by-~-step method
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for calculating the electrical torque at any time of & machine
having any number of rotor circuits., Of particular importance wes
the recognition of unidirectional components of torgque developed
when a symmetrical three phase short circuit occurred,

12

Ching and Adkins considered disturbances incorporating the

line-to-line, the line-to-neutral and the double line-to-neutral fault,

In 1959 Aldred and Shackshaftl3 considered a sudden change in
prime mover shaft torgque and usecd an analogue computer to solve the
non-linear equations. Already an attempt was being made to find
a relationship between the steady state stability limit and the
transient limit, this being in the form of a new set of 'voltage-ex-
citation' characteristics for predetermination of swing curves for
a machine with a requlator, The papor also presented comprehensive
results on the relationship betwsen the regulator gain and time
constant. For the first time then a signal from within the alternator
was fed back, in this case the derivative of the field current, which
improved the alternator response. The regulator feedback singnals
gave a damping effect which might have outweighed the effect of any

damper winding.

The performance of a regulator inmcorporating a voltage signal
plus a rotor angle signal was described in 1960 by Easton14 et. al.
in which the transient consisted of a change in the reqgulator's re-
ference setting. Although relatively small disturbances were used
on linearised equations, the main feature of this paper was the useful

practical regulator date presented.

Mehta and Adkinsl in 1960 succeeded mathematically in presenting
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the various components of electrical torque; following a change in
tie~line reactance, in o2 form which made it possible to relate the
compaonents physically to the machine behaviour. They also investigated
the unidirectional torque after a three phase fault. Experimental
results on micro-machines reasonably confirmed their predictions which
made this paper one of the few in which predictions were corroborated
by experimental results.

Shackshaft6 followed in 1963 with a composite mathematical

representation of a typical large 30 MY alternator as well as the
analogue computer prediction of full scale grid tests inecluding

a threc phase short circuit.

In 1968 the names of Surana and Hariharanl5 appear in the
literature where they show that some regulator parameters that give
optimum steady state stability do not necessarily also provide optimum

transient stability.

The authors mentioned and many others have considered one or

more of the following large disturbances:-

change in the transmission line configurationl’lo’ll’13’16

increasing the load of a synchronous motorlO

symmetrical short circuit along a
1,6,10,11,13,16 -~ 21,
6,10,11,14,

transmission line
changing the excitation voltage

unsymmetrical short circuitslz’21

1
sudden change in electrical load6’13917"8‘

sudden change in prime mover torqualg’lS

The rest of this chapter investigates different types of distur-

bances and compares the transient electrical torque after each
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disturbance, The disturbance considered in detail in the rest of the

thesis is a three-phase short-circuit.

2.2 Basic System, Assumptions and Egquations

It is assumed that the system can berepresented by a single
alternator connected through a transformer and a transmission line
(single or twin) to an infinite bus bar as in Fig. 2.1, This relative-
ly simple model is used on order to kecp the mathematicsmanageable and
the results understandable. The effects of saturation, eddy currents
and hysteresis are neglected throughout the thesis. The motoring

sign convention of Adkin522 is followed.

t /’?(-w\ _ .
— ST
..»"'/-"’3 i N\ \
{ f alter- \ P { & 1 N
.- o od ie-~line N

J turb' v—? natDI‘ /"" l\{_\)) R X ~ bus

\\_\J AN J Rl’X';L ' 21 2

\\‘\-/ I .-.A\, \.... ~ “!/“5" \,_ = ‘-_-I :

Figs 2.1 Basic system

P
.

2 .
According to the “genereclized machine theory" 2, the cquations for
the two-axis representation of the synchronous machine in Fig. 2.2,

are (using Heaviside's notation)
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Fig. 2.2 Two axis representation of a three phase synchrous machine

= p¥y + VI o+ T i (2.1)
==y o+ Y v T i (2.2)
= rkdikd + kad (2.3)
= rkqikq + p‘l’kq (2.4)
= Tl o+ Yo (2.5)
for voltages, and
=Lody * Logdeg + Logie (2.6)
=Logig * Logiug (2.7)
= Logly *hikatka * tmate (2.8)
= Lmqiq +kaqi|'<q (2.9)
= Logig + Logdeg Lepgip (2.10)
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for the flux linkages, and

T = 2y

. > (2.11)

aiq = qud)

for the electromagnetic torgue,

Apart form additonal equations describing the behaviour of
regulators, turbines and governors, the equations for mechanital

mation and for the transmission network zlso have to be solved.

During steady state conditions, the generator voltages may be

represented by the phasor diagram of Fig. 2.3.

i I X
i a'q
Vg%
é IdXd
I
|
i
!
g-axis | v d'd
i -
A | o
e

i ? /6/
T ——p d-axis

1
1
\
T
)

Figs 2.3 Phasor diagram for generator stpady state conditions ——

allowing for transient saliency

Now Eqns. (2.1),(2.2) and (2.11) are non-linear and can be _
solved only by means of a numerical method. However, in thesc
equations the speed may be replaced by the rotor angle & and if

b were a known function of time, it would be possible to determine the
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currcnts 1 iq and the flux linkcges V¥ and Wq by solving

d9

a sct of lincer cquations in which the applied veltagocs depcond on &.
Howsvzr, 6 is usuzlly not known and a method for sclving the

machine equations consists of

(2) obtaining a genernl cxpressicon for the eletricsl torque Tu
in terms of &, then

(b) urfting the wquations for mechanical motion and accelerating
torque, with or without damping, whilec Tinally

(c¢) 4intcgrating the Cgn. in (b) by a step-by-step process to

ocbtain the variation of 6 z2and T_ as functions of time. A fast

G
computing aid is necessary.

The above methad gives a result somcuhcre between a strict analytical
solution and a strict computer sclution and thus permits some in-
sight into the physical behavicur of the zlternator. The various
disturbances considered are compared only as regerds their rcletive
eloctrical torques To cbtained in (a2a). lluch of thoc foundetion for

this comparison was laid by Refs. 1 and 11,

The position of a synchronously rotating axis with respect
toc a fixed reference point is taken as an angle w t radians, and
with varying speed tho position of the alternator rotor with respect

to the same reference point is 8 where 8 = w t - & from which

the speed %% = v=pd =~ pb. Thus & is the anglc bctuween the
rotor and a synchronously rotating refecrence fraeme. For a sinusoidal=-

ly applied terminal phase voltage

v, = - Umsin wt, Egqns. (2.1) and (2.2) become

: = i 5 = v v i - 2'12
vy V_sind pyd + qu + iy qué ( )
v = 6 (2.13)

- S = - } i v
Umco o) de + qu + rqlq + ¥p
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It is assumed in the remainder of Chaper 2,

(i) that the transmission line and machine resistance voltage drops
are negligible with respect ta rotational voltages;

(ii) that during transient conditions the flux linkages change re-
latively slowly with Isspect to the supply frequency so that the

p¥Y, and qu terms in Eqns.(2.12) and (2.13) may be neglected and

d
(iii) that the speed remains close to synchronous speed and changes

slowly so that the pd terms may be neglected as well,

From Egns. (2.12) and (2.13) we then find

V sind = ¥
m q

Umcosa = de during a transient.
Umsinb v
Therefore ¥ = ———— 7 = — (2.14)
q w w
Umcosb -vq
and \FEI = @ = m (2.15)

During steady operation, denoted by subscript o,

V sind
y - -m_ 0
go A

Umcosf)D
Yo = ®

. 22
From the phasor diagram in Fig., 2.3 and using the relations between

axis and phasor quantities 1t is seen that

. V2 ‘
16 =% ° (UO- ucosﬁo) (2.,16)
d
v2 V sind
. . YV 2.17
*q0 X o ( )

q
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2.3 Analyses of Disturbances

2,3.1 Switching in additional tie-line reactance

Suitching aut ane of tweo twin lines has an effect similar tao a
sudden increase af the tie-line reactance and this can be modelled
analytically by having an external reactance Xe suddenly switched
inte the eguivalent circuits of the direct and gquadrature axis re-
spectively, Inserting the reactance Xe may be treated as opening a
normally closed switch S1 across an inductance Le in the equivalent
axis circuit of Fig. 2.4, By superposition, the effect of opening
S1 may first be found and the resultant changes added to the steady

state values,

The combination of the machine and the external reactance can
be treated as a modified alternator having a leakage reactance

X + % =o(L_+ L), The ¥
a e

a e and Wq equations for such a modified

d

alternator connected to a fixed supply UV are found frem Egns. (2.6)

and (2.7) as

Sl
—
t
! P
JU N i O R Y g : =
} sL : sL ' |
{ e : :
‘ ! < Tid < rf
i ; !
i !
sWdz-qu/w % machine ;
, ~ ) _\\)
i st \:)\SLkd '\"‘SLfd
) ; N T md ) A
| A J i !
| : | |
\J ' : ;

Figs 2.4 The d-axis circuit for changes only.
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Yde = (Lmd + La + L) ig+ L airg ¥ Lmdlf ;
) (2.18)
qu = (Lmq + L+ L )lq + Lmqlkq )
while the voltage Egns. (2.12) and (2.13) become
Vge= Vpsind = p¥,_ + @qu + T iy - qupé g
| (2.19)
Uq8= Umcosb = - deG + que + ralq + Wdepé )

where Um is the amplitude of the constant infipite bus voltage.

The synchronous reactance of the modified alternator becomes

1

X

de m(Lmd + La + Le)

(2.20)

N N N N

X

i
€
—~~
.~
3
—
3
—
S

ge mg a 2

and likewise for the maodified transient and subtransient reactances.

The equations (2.14) and (2.15) become

w¥

ge (2,21)

v

Umslné de

w¥

de v (2.22)

ge

V cosb
m

for the modified flux linkages.

During steady operation the equations for the flux linkages and

currents are

w¥ = V sindé (2.23)
geo m 0
w¥, o =V cosd (2.24)
V2 -
i - 2 (UD Ucoséo) (2.25)
do X
de
.\/"‘ -
5 - _v2 U31n60 (2.26)
go X
ge
where v

de’ qu, Tde and qu are associated with the veoltage at the
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infinite bus which has now become the terminal voltage of the modi-

fied alternator.

In Laplace notation 's' corresponds to 'p! in Heaviside's
notation, By opening S51; a current step =~ ido is injected throug S1.

Since the value of qu does not stay constant once & starts changing,
the input of Fig. 2.4 connot be regarded as short circuited for the

analysis of changes only.

When Le is switched in, the speed changes and 6 increases

causing qu and ?de to decrease and consequently i4e
The change in qu is (in Laplace transform)
Auqe(s) = - Vm,/ (cosbd - cosbo) (2.27)
Cf\-..'
i

The curfent step becomes (-—gg) in the Laplace domain and may be
replaced by an equivalent voltage source in series with Le. Fig. 2.4

then becomes Fig, 2.5

I o T N |
s i ; t s
-1 f te *ta | |
N L ‘ ]
(JHaote ‘ i
{ <=7 kd <§h F
' input ]
'}impedance |
‘ i
) ! \sbL AEL yst
' 1 = ne h . N
Q A‘qu(s) . j( \f} R
+ | r
| !
' o
J

Figse 245 The d-axis circuit for changes only
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The operational input impedance in Fig. 2.5 is

s Xde(s)

zde(s) = w

The transform of the change in d-axis current is

-

{ idDXe 1
Ald(s) = (—%bL”(C086'— Cusqj) + - )e xde(s)

After the change the transformed direct axis current becomes

1d(s) =~ - Ald(s)

1 P i, X

do do' e 1

= - - (—Umaiﬂcosé - cosﬁj)+ S )e Xde(s) (2.28)
Likewise it can be chown that

i o # X

i () = =22+ (v [(sind - sing )- i ‘e) __1 (2.29)
q [ at O q S quE85

Now Yde and wqe are simple functions (Egns.(2.21) and (2.22)) of
the 6, but the currents (Egns. (2.28) and (2.29)) are in Laplace
form and have to be inversely transformed into the time domain before

Te can be calculated.,

Putting l/Xde(s) and l/qu(s) into partial fractions,

Egn. (2.28) becomes

iy(s) = Tdo L cee i (s) )
d s - X'de dl g
1 1 1 ] )

f (Xée ) Xde) (1 4+ sTée) e le(S) ; (2.30)
. 1 1 sTq )
- A (Ygg - x&e) (1 + sTge) Tt iga(s) ;
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r vz v cosE>O i, X

where A = - V2V / (cosb) + +
[ aN S S

and Egn. (2.29) becomes

1(e) =22 1,(s) )
ge %
. 0 £ (s) ; (2.31)
)
B( 1 1 ) __EIEE___ i _(s) g
* Xv 7 * (1 + sT" ) g3
qe ae ge )

uhere B = ¥Z . v [(sing) - Y2 U sind, _ ig X,
A

<} =]

The current components etc can now be inversely trans-

td1r *td2 taze
formed and, corresponding to'each pair of currents (idl’ iql)’
(id2’ iq2) ete. Egn. (2.11) for the electrical torque yields cor=-

responding torgue components,

First torgue component

1,11 has used Heaviside's calculus which

Previous literature
yields basically the same results although approached and solved in

a somewhat different form.

Standard transforms may be used for the inverse Laplace trans-

formations of idl(s) and iql(s)° Therefore from Egn. (2.30)

1(t) = v2 .\ cosb 2 v cosbo e i Xé (2.32)
b= ' - Y 1 -
dl Xde Xée do Xde
From the phasor diagram in Fig. 2,3
3 1 = - t .
0%y = 2 . qu + V2 .y cosb (2.33)

and after substituting this expression into eguation (2.32) it is
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found that
V2
R o y
ldl(t) = T (qu V cosd) (2.34)
do
Ny .
Likewiss 1 ., (t) = 2L sind (3.35)
ql X
ge
The torgque component porresponding to idl and iql is found from
Egns. (2.11),(2.21),(2.22),(2.34) and (2.35) as
vy! V4

T . ==99 | 5ins - = (= - ). sin26 (2.36)

el X! .2 X! X

de de ge
Segcond torgue component
Since iq2 = 0, the second torgue component is a function of
140 only.
~Vi
T, = 92 sinb (2.37)
V2

Effectively i introduces a torgue term proportional to sind

d2
which suggests that the first term in Egn. (2.36) does not have

a constant coefficient.

It has been shown that is due to variation of the field flux

td2

linkage and conseguently of Véo’ while

VV'2
T92 = §Tﬂ_ « sind
de
-X1
de .
1 = —— « 3B

After . substituting for id2 from Egn. {(2.30) into Ean,(2.38)

it is found that



- Xt : i X_
i de / ./ ﬁ do. e \
" Ala2) = T m VR Ve (oosB) 2080 * T )
1 l .\'!c l . —
1 \
xde Xde},/ (1 + Svde)
- i, X X -~ X!
/ v do’e de dey . 1
= (=~V]| (cosd)+ — cosb_ + )( )
J\‘ s o V5 Xde (1 + STée)

The phasor diagram relationship can be used to show that

r : X4 1, X

- ! t - [ ____E__ .___E_ []

(1 + sTde) . g(qu) = Ul\(cosb)(l X ) ;(UD ” qu)
de de

or
d *g Xg
1 ' g ' - - 2€ € .yt
qu + The O% (qu) = V cosd(l Xde) + U X qu (2,39)

Assuming constant d-axis flux linkage, Véo remains constant, but any

variation in the flux linkage introduces the additional term T82

Now Uéz is the smount by which Ué changes from its steady state
value of V' so that VY' = V' + V' , and from Egn., (2.39) we find
go g 'qo q2
dut = 1 X1 X1
—q = (- Ve 4 de - de
e Tde q X v, o+ (1 2——)) V cosb (2.40)
de de
and
T . = —!—(U' - V' ) sind (2.41)
a2 Xée g qo

where Ué = Uéo at + = 0, The value of Vé is calculated by a
step-by~step method using Ean. (2.40) to find the new value at the

end of each interval,

Third torque component

From Eqn.(2.30)it is seen that
Va2 y

S

g 9 n
i (s) = -(-V2 %1'(cosb)+ cosd_ + ‘do’e 1 -1 %Tde
d3 - o ) 5w

v / "
s de Xde 1 + STde
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sT"
=v2 av OSSN ST,, \L(cosé) v dy(s)
. T;
e
-V2 av coséo T o . dz(s)
de
Tll
. de
- OC ldoxe . l + ST" ¢« e 0 ds(s)
de
1
wvhere o = = :
Xde Xde

Nouw dz(s) and dz(s) are readily transformable, but not dl(s)
which contains the product of two Laplace functions, one of which

is an unknown function of 's?

The expression

s
T 7" d{ (cosé) a Y2y

d.(s) =
! ° de

is of the form

Ll(s) = 3 f = .Jifcos&)
which can be solved by econvolution integral when used ‘. conjunction
with the indieial admittanc923. Therefore if
Ly(s) = s (a(t) £(8)) then
L(8) = (5 ACs =) . £ (M) . d)+ A(E)F(0)

where A(t) is the indicial admittance, For the purpose of this

analysis
- t/T"
1 de
A(s) = N and A(t) = e
The

while f(A) = cos{&(A)) with f' (A) = - sind . do

=
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-t/Th " -(t - A)/Tge
So L,(t) =e “cosd, + [e *f1(A) . dA (2.42)
Since Tge is a short time constant, and f(A) changes relatively

slouwly, the integral in Egn. (2.42) may be evaluated approximately
by giving f'(A) its value at A = t and taking it outside the inte~

gral, resulting in

~t/T" ~t/T"
de . . . de
Ll(t) - e cosd_ + sind . pb . Tée(e - 1)
- ~t/T" ~£/T" 7
i
So dl(t) = V2« Ui T, « sinbd . pé(e de _ 1) + e 9056 ; (2,43)
/Ty,

while dz(t) =V2 ay cosb_.e

AT
- ai

do' e

I

dg(t)

The values of dz(t), d3(t) and exponential terms in dl(t)
decay rapidly and can be neglected with respect to the other terms

of dl(t), and hence
i = - V2 " o5ind . 2.44
1d3(t) = 2 « UTdeSln6 pd ( )

It can be shown in a simalar way that

i = V2 " . 2.45

1q3(t) 2 pUT! cosd . pb ( )
vhere B = Y%_ - ?i_
ge qe

Eqns. (2.44) and (2.45) combined with Egns. (2.21) and (2.22) render
the torque as

T83 = (a.sin26 + b.coszb)s (2.46)
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— 2 1" ° -— 2 1
where a = w V Tde a; and b = w V quﬁ
; dd . .
while 8 = Tt and S is the slip.

The total electrical torque produced by the machine is the sum

of the individual components, so that

vy! 2

- Vil B AU T B )
Te = Y + sind 5 X 3 l sin26 ceeeeTg )
de de ge | )
vy! )
2 )
+ _-g-— [ Sin6 l.oooT (2.47)
X1 e2 )
de )
, 2 2 )
+ (a2.8in“® + b.cos®6)5 ceeeaT )
ed )
where Uéz = Ué - Véo and at t = 0, Vaz = 0, thereafter being

found from Egn. (2.40) at each interval of a step-by-step solution.
Also Xée, qu etc. 1s the reactance of a modified alternator
which has the external reactance Xe added to the alternator's

leakage reactance Xa while the infinite bus voltage has become the

terminal voltage of the modified alternator.

In Eqne. (2.47) the component T,, Tepresents the synchronizing
and transient saliency torques, T82 allows for a change in field
flux linkage whille Tes represents a damping torque proporticnal to
slip.

2.3.2 A change in the excitation voltage

In the second type of transient disturbance, the voltage Ves

applied to the alternator field changes by an amount AVF. The

equivalent two axis circuits are again emnloyed (see Fig. 2.6) to
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find the components of electrical torque.

Auf(s)
, rTYN )
S a :
= Ty g =T

:>sAYd(s)

o\

Fig. 2,6 The d-axis circuit for changes in field voltage

The current 1 changes firstly by an amount Aidf diue to the

d
change Auf, and secondly, by an amount Aidé because of a change
in the rotor angle 6. According to the generalized machine theory

(in Laplace form),

X, (s)
v(e) = g () + B (o) (2.43)
from which
- m.AWd(S) _ G(s)
Ald(s) = —YETET~_ Xd(s) . AVf(S)
=01 gp(s) +A1 . (s) (2.49)

Egn. (2.15) shouws that

AWd(s) = vz U{li (cosd =~ coséo)

W




therefore

V2

8i . (s) =
i4g(s d(

X

and by putting

may be readily
case of Aldf(s
G(s
Now
X4(s)
where A =
and B =

Since in Fig. 2
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Vo, f—(cosb - cosbo) (2.50)

s) ]

S

1 . . . -
Xd(s) into partial fractions as before, Aldé(s)

transformed into the time domain. However, in the
) the term G(s)/Xd(s) also needs partial fractioning.
(1 + de.s) de
1 "
(1 + Td s)(1 + Tds)erd
_ de , A B )
- ] "
X N1+ sT}, 1+ sTY
- 1
Ei 15?4??) ~ 1 (2.51)
d’ 'd
T=- T
d kd
T e 0 (2.52)
d d .

.6 the polarity of Avf(s) is such as to reduce i

d’

the total value of id(s) after the change is
i (s) = EQQ V2 v /‘(cosb cosd ) - i..(s)
d = g;v - o Xé R ldl
1 1 .
+D ('—T' - )o ——_—T seses 1 (S)
X} Xy (1 + sTd) d2
sT"
1 1 4. d .
B S el wee e dgg(e)
Xd Xd (1 + STd) d3
X
d A .
- AU (S) m . ”u___~_T cecae 1 (S)
F rfxd (1 + sTd) d4
- Avf(s) de B
].‘f.xd (l + STS) «csenvse ldS(S)
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Likeuwise
igo Ny /- 1
1q(s) = -+ V2 VJ\SSln@ - 31n60). yg ces iql(s)
( l l ST"
V2 . inb - si A _ 1,y 9 .
+ ¥Y2 .V A\ﬂSlnb 81n60)(X" m ) (T2 sT") °°° qu(S)
g q q
The effect of the current components 1419 g2 1as lql and lqs
upon the torque is the same as in Sect. 2.3.1.
The effect of 144 and ldS due to Avf(s) connot be assessed
in the time domain unless the general disturbance Av is assigned

f.‘

a specific value, which for the purposc of this study is chosen as

a step decrease AUf in the field voltage. The result is that

-t/Tt

. i AX AV, o t/ 4
d4 erd

- n

and i - Eiﬂgézi (l - e t/Td)
d5 erd

The corresponding torque terms are

X AV
Tos = - VA -m§-£ (1 - e d )sind (2.53)
V2 Feld )
X AV ~-t/T"
Tog = - V.8 . m; L (1-a d ) sinbd (2.54)
e V2 Feld

With the approximate values for A and B from Egns. (2.51) and (2.52)

substituted in Egns., (2.53) and (2.54), the value of T g becomes zero

and

X_ AV ~t/T}
PRV ) sind (2.54)
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So; for a step decrease in the excitation the torque becomes

(l - 2 d) Siné CIR I IR TB4 (2.56)

ﬁc
N

H
-1

>
Q.

2.3.3 Change in prime mover output

When considering the effect of voltage regulators on the
transient performance of the alternator, it has been assumed 13515
that the disturbance may be a sudden change in the shaft torque or
prime mover output. This eliminates some of the additional considera-
tions such as fault type, duration and distance when considering a
sudc en change on the stator side. In practice this type of prime mo-
ver .disturbance seems an unlikely one due to the relatively long time
constants of the governor and turbine. Houwever, to demonstrate the

theoretical value of such investigations, this case has been included

in the comparison of large disturbances.

Suppose the shaft torque TS from the prime mover suddenly
increases by an amount ATS while the field voltape as well as
transmission line configuration remain unchanged. The rotor angle &
changes and hence the voltage components v, and Vq' If there 1is
a constant external tie-line reactance Xe in the system, this can

be added to the altcrnator's leakage reactance Xa as in Sect. 2.3.1

The chango in Vq is

Avq(s) = - JEUJ[}COS@ - cosbo) (2.57)



41

as in Eqn.(2.27) while thc input impedance (analagous to  Fig. 2.5) is

ste(s)

Zde(s) - w

The change in d-axis current is

X f 1
Ald(s) = - VEU@Lfcosé - coséo)¥;;;7

and after the change

ido
1d(s) = - Ald(s)
= “do + Y2y {tcosﬁ - cosd_) 1 (2,58)
s d ) xde(s)
Likewise it can be shown that
i
< _ _go . o e 1
1q(s) =+ Y2 Vv (sind 31n60) . ;;;(;) (2.59)

. : . 1 1
When the partial fraction forms of y;;z;) and X (3) are used

ae
i
. do A

ld(s)’—'-' s -3(—;— EEERX ldl(s))
de )
(e) )

1 1 1 ceeses 1 S
Xée Xde 1+ STé g
)

sT"

1 1 d : )

_A( - )0 seavece 1 (S)
X o Xig (1 + sTY4,) d3 )

(2.60)

where A = - V2V [kcosé) + Y cosé
fe NN 0



. . _ _4ge B
while 1q(s) == + X
ge
+ 0
STH

+ B (==— . =) —a

Xn X * (1 o+ sT"))

ge ge ge

where B

V2 U (sinc) - Ji Y sing,

First torgque component

The inversc Laplace transformation of

.\["
. Y2 V cosb 2V CDS&D s
ldl(t) = - + 1

1 1)
xde Xde

do

but, from the phasor diagram in Fig. 2.3,

LyXl, = - V2 vt 4+ VY2 , ¥ cosb
0 de go 0
so that
i,(t) = - Yz (V! = V cosb)
dl - X! qo
de
Likeuwise
. V2 .
lql(t) X sind
ge
Hence
vy 2
Tel =49 « Sind + Voo -
X! 2 X!
de de ge

which is identical to Tel
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saens iql(s) §
rveeas iqz(s) g (2.61)
: )
s 1q3(s) )
idl(s) becomes
(2.62)
(2.63)
. sin 26 (2.64)

due to switching in external reactance.

It gan likewise be showun that the sccond and the third torque

components are also identical to those in Sect.

2.3.1

The accellerating torque of the generator is
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Tace = WP 0= (Tg = AT ) = (Ty + Ty + Tog) (2.65)
= TS - (Tel + TeZ + T83 + AT)
a4
so that T = - ATS

Thus the machine behaves as it an additiomnal constant electrical

torgue has suddenly appeared.

2:3.4 A symmetrical short-circuit

2.3.4.1 The single transmission line

In the case of a single transmission line, as shown in Fig., 2.7
the symmetrical threes-phase fault isolates the machine from the
infinite bus and since the resistances of the machine and transmission
line have been neglected, the electromagnetic torgue of the alternator

becomes zero.

The d-axis equivalent circuit used to study this phenomena is

secn in Fig. 2,8. When S1 is closed, the pre-fault

bus f?y\ f?f\ i machine

Ay v NN S
~
D
-
o

Fige 2.7 Symmetrical fault on a single tranpsmission line
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voltage across the point 'ab' becomes zero and disturbs the current
balance in the machine, while shorting any connection to the infinite

bus.,

[0)]

A A L o .
& ) T ‘-) 1 4 i
sl i f sk st i
[» | b i a g
| .
b \ X (s) \ machine <§’SLmd
us 51 %ggls smac i

'
1 |
|
]

b ! !

Figs 2.8 The d=axis circuit for changes only

The voltage

s V cosb

m 0 .
Vab(s) - ) - ldoSLC

across 'ab' is made zero by applying a step voltage of opposite

polarity in series with S1.

The transformed change in idD is
-Vmcosb + idoxc
AL (s) = (2.66)
d sX 4 (s)
which, after inserting the partial fractions of de(s), becomes
~t/T!
Aid(s) =(-V2 v cos&0 + X i ) I Xl + (X% - Yl—) e db
c do L db db db -

~t/TH
L L e / db] (2.67)
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At no-load

-t/T' -t/T”
. 1 1 1 db 1 N db
b1 (t)= -V2 vq[x s (G- e + (ng = ile '] (2.68)

t
db db db db

which is the well known expression for the "alternating component”
of the short-circuit current. The ‘'asymmetrical component" is absent

because de and qu were neglected.

The total post-fault d-axis and g-axis currents are

-~ - n
) A 1 1 AN 1 1, 8T
1d(t) =it 3 + A(QT— - R—*) e + A(iﬁ_ -1 Je
db db db db db
(2.69)
-t/T"
iq(t) = Lo ‘ig_ - B(g%— - ;i—) qb (2.70)
gb gb gb
where A = = V2 V cosd_ + i X 3 and B = V2 V sind - i_ X 3
o do c o go' ¢

The final steady values of these currents correspond tDZl

V2 ! -V2 V
~40

|

% and i = 0; (see phasor diagram, Fig.2.3)
db db .

The pre-fault flux linkages at thepoints 'ab' of Fig. 2.8, are

Lo ;
Y= 3 (v2 v cosd - ldoxc) (2.71)
¥ = (Y2 U sind - i X ) (2.72)
qo w o go'c

The changes in flux linkages when the fault is applied, are

Xqp(s)

o . Aid(s) (2,73)

AYd(s)

Xan(s) . (2.7
AWq(s) ” R Alq(s) 74 )
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The total flux linkages after the change are found from Egns.(2.66)

and (2.71) to (2.74) as

V=¥, o+ ¥, =0 (2.75)
Y =¥ 4+ AY =0 (2.76)
q ]
which confirms that
To= T =T = Tog =0 (2.77)

2.3.4,2 The twin transmission line

In the case of a twin transmission line as shown in fFig.2,9, the
healthy line may still be able to provide synchronizing torgue, pro-
vided the fault is nat at either extreme of the faulted line. The
torque and current expression are different from Egns. (2.67) to

(2.77).

/

machine ) ——-1 bus

- _ﬂ~f’§“L*TH~f?f\_._~_

Lb Lc

Fige 2.9 Symmetrical fault on a twin transmission line
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The d-axis equivalent circuit portraying these changes is shown in
Figs. 2.10. The closing of 51 applies the fault and a2 delta-star
transformation: can ba mnda'frud.Fig. {2.10) to (2.11). Mathemotical
simplification rusults by teking Lb + LC = 2L, without reducing the

comparative. significdidnce of the results.

| ~ e L
‘“ R B
L"FD T 1a /73
sL sL
C b
bus
\51 <{*tnd
§ b '

Fige 2,10 Twin transmission line and d-axis circuit.

/j\ M\, AT - - =
sl st sl
] _b a

2 2

|

(;:>Aubus <§9 SLch/AL=SL2 <%%
sLmd

5
A

X
O

i

Fige 2.11 The d-axis circuit with two voltage sources for changes

only
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1 .
Now v, = ” (Umcosé - ldoXCZ)' uhere X_, = Xc/2
svm
and Aubus = (cosd - coséo)

and as shown in Fig. 2.1 the tuwo voltage sources have opposite

effects on id.

Millman's theorem on superposition yields

,
. iio Kz(\lmcoséO - ldoXCZ)- Klst<AScosé - cos&o)
ld(S) = s T sX ,,(s)
d3
and
-
. » - 3 - !‘....-.
o KZ(VmSlnao lQOXCZ) KysV ¢581no 81n60)
i (s) = s sX .(s)
q3
X, X
. _ 2 c2 3
where: X3 = YT X
c c2
Xb
de includes - as additional leakage reactance;

X includes X, in X as additional leakage reactance and

d3 3 db
likewise for XqS; while
X X
2 c2 .
SIS A e S T 1

The flux linkages at the point 'ab', which are now not zero as for

the single ling are (see Fig. 2,10)

Y, o= — (Umcosé - i (2.78)

d= 0 4ote2)

y - -1 (V_sinb - i_ X_,) (2.79)

go' c2

Gathering the corresponding current components and combining
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them with Egns. (2.,78) and (2.79) yield the torgue components as:

2 2
. .
. ) KlUUqO.81n6 KlU ( 1 1
= - - - -
el de 2 de Xq3

) sin26

. _—
KlUXCZSJ.né(KquO Ucoséo)
X

+

| 4
qu(xdb + Xop)

1 3 i -
KlUquxczslnéo(Klslnb 1)

+ 1 ]
X43{Xgp + Xo2)

q2

- ' 1 s
t/Td3 . K Vv ls.sind
]
d3 xd3

Te2

1
- KK, oM (8) (7
172 XY

(wvhere M(8) = Uz. sinéucoséD - — .coséo)

. . 2
* lholdoxcz)

- n
1 1 )e't/TdS
t - [
Xa3 X3

, 2 2
T . = Kl(a.81n & + becos“6)S - K K m (6)(

el

while X', = X', 4+ X

d3 db 33

1 —_ °
Rag * Xeoko = Ky + Xip3

X a

X . o+ X K ool

g3 c2 2

qu +

Hence neglecting the exponaontially decaying terms the complete

expression for the torgque is



S0

- il' sin26
q3

(2.80)

K Vy! K2U2
1 go . 1 1
Te = 1 « 8ind -~ < X
d3 d3
K, vyt
+ —%T——Eg . 5ind + K (a.sin26 + b.coszﬁ)S
1
d3
. KlUXCZ'Slné(KlVéo - Ucosﬁo)
t
XqS(de + Xop)
. o . _
+ KlUUqOXCZ.alnéo(Kl.51n6 1)
1 N\
Xgz(Kap + Xo2)

the factor Kl varies

position of the fault along

the twin line.

between zero and unity, depending upon the

It is zero bscause

X2 = 0 for a fault either at the machine terminals or at the bus
and in both cases Te is zero with the assumptions made,
2.4 Comparison of Various Disturbances

The transient electrical torques for the various disturbances

considered in Sect. 2.3 follow much the same pattern, permitting

certain assumptions in the derived analytical results.

The torgue

in each case has three main components as in Egn. (2.47), viz:-

K vy!

2
1 "go KlV 1

T = .

ol sind -~

2 (X'

(synchrunizing)

K
KlV\

T82 = +

X 2 « sind
de
(field flux decay)

2 2
Taz = * Kl(a.51n & + b.cos 8)S

(damping)

]
Xde de

- L )sinzs

X
ge

(saliency)
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The three components are common to all the disturbances considered,
provided

(i) adjustments in X X, , etc. are made when allowing

d’ “de
for external reactance to be lumped with the alternator's
cwn leakage reactance, and

(ii) adjustments arec made in the value of the coefficent Ky
which is equal to unity except in the case of a short
circuit along a transmission line, For a twin line the
value of Kl is between 0 and 1, depending on the posi-
tion of the fault, but for a single transmission line

the value of Kl is always zero.

There are in addition the following components for each indivi-
dual disturbance:

X Av -t/T"

7 = 4 M Ty, 9y siné
ed V3 erd .

(step decrease AUf in the alternator field uoltage)

+
TeS = - ATS

(step change AT_ in prime mover output)

. _—_—
KlUXC2.91n6(KquO Ucosbo)

Xq3Xdp + Xo2)

TE’6=+

KlUUéOXCZ.sinbo(K181n6 - 1)

] ]
X43XKgp + Xo2)

(three phase fault along a twin transmission line: see note (ii)

above for value K (2.81)

l)

The synchronizing, saliency, varying field flux linkage and

damping torque componcnts are common to the most commonly accepted



disturbances. For each individual disturbance other than the shorting
of a roactance, some additional torque terms appear. However for

a three phase fault along onc of two parallel transmission lines

the value of thc torgue depends on the distance botween the fault

and thc alternatorn.

So although somc authors (sec Sect. 2.1) have chosen a rather
igpractical step-change in primc mover torque as the trensient dis-
turbanco, it does tcst tho system behaviour as regards thec mcchani-
cal movement of the rotor in much the samc way as a change in al-
ternator excitation (since the term Tea decays fairly rapidly),

or changing the tic-lingc reactance.

As stated in Sect. 2.2 the threc main torquc components Tel’

T . and Te of Eqn. (2.81) correspond to a simplifiecd mathematical

el 3

model. Although theory is approximate, the following significant

conclusions can be drawn,

Using only thc component TO corresponds to neglecting damping

1
and assuming that the field flux linkage remains constant and thersby
regarding Uéo as a constant valtagoc. Saliency is however allowed

for in T and the two terms of TOl are rucognizod as tho

el’?
synchronizing and the transient salicncy torques respoctively.
A more accurate model which allows for changing field flux

linkages but no demping, intracduccs the additional component Tcz“

Damping is allowed for approximately by means of thec terms

If there is zero subtransicnt saliency TeS becomes a con=
24

TeS'

stant multiplied by the slip. This corresponds to Crary's

damping torque which has been used by many authors.

IR Y 0 Yo TR
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CHAPTER 3

3. CLASSIFICATION OF METHOGS OF SOLUTION

The approximate expressions of Egn. (2.81) in Sect. 2.4,
based on the assumptions of Sect. 2.1, are acceptable for many
purposes, but situations may arise where a more accurate represen=

tation of the machine is needed.

The literature survey not only showed that various types of
disturbances have been considered by different authors, but also
that various methods of solving the stability problem have been

used, as below.

3.1 Methods using Torgue-angle Characteristics

Assuming that the voltage Vé(see Fig. 2.3) bshind transient
reactance is constant and that the torque is a function of the angls
only, stability can be studied by means of the equal area criterion.

This corresponds to assuming constant flux linkage and no damping.

3.2 Methods using a Step-by-step Computation

Most stability studies are based on the machine equations and
use a step~-by-step computation, but there are many variations de-
pending on the assumptions made. The torque is calculated at each
step and used to determine the changes in load angle. A1l the
methods require a solution of the second order differential equation
for rotor movement and the transient response is found in the form

of a swing curve, i.e. a curve of load angle as a function of time.
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Methods A to D, in the following classification, neglect the terms

pY pwq and resistance r_ in Egns. (2.1) and (2.2), while methods

d’

A to € also neglect any departure in speed from synchronous speed.

A, The earliest methodsza, commonly worked out by means of a net-

work analyser, assumed a constant voltage behind transient reactance

(V' in Fig. 3.1) and zero transient saliency i.e. Xq = X}

Fige 3.1 Generator phasor diagram for steady state or for slouw

transients, assuming_zero transient saliency

The assumptions are therefore similar to those in Sect. 3.1
but the method can readily be applied to a multi-machine system. With
some extra complication saliency can be taken into account as in

Fig. 2.3 from which it is seen that Ua = V' Vi =0 and Xq # XY

9
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For a single machine system the torque becomes the Te component of

1
Eqn. (2.47).

B. Although the closed circuit field winding reacts to maintain a
constant field flux linkage, it does in practice decay slowly becauss
of the losses in the field resistance. A change in the field flux
linkage may also be caused by a varying excitation due to voltags
regulator action. This effect is allowed for by means of the ad-

ditional torque component T, of Ean. (2.81).

C. Demping can be allowed for approximately by means of a torgue
component proportional to slip as shown by the component T83 of
Egn. (2.81). The method, corresponds to the "standard method" of
Sect. 4.2,1 with the additional assumption that the alternator has

zero sub-transient saliency.

D. Damping may be allowed for more accurately by solving directly
the complete machine equations (2.1) to (2.10), but still neglecting
pY¥ and p?q. This corresponds to the "approximate method" of

SeCto 402‘20

E. For the most accurate treatment the terms p?d, pwq and r,
are ratained in the machine egquations. The tie-line's resistance
can also be included, as well as the inductive volt drop due to
sudden changes in the amplitude of the armature and line current.

This is referred to as the M"accurate method" in Sect. 4.2.3.
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3.3 Lyapunov's Method

This method, which has been applied to non-linear control
systems, determines the boundary betuwecn a stable and an unstable
operating region fFor a particular type of disturbance. The criterion
depends on a performance figure icalculated from a "Lyapunov equationt
When the performance figure exceeds a critical value it is possi-
ble to Forecastzs-zy' ) a loss of synchronism after a disturbance;
without having to determine the swing curve. The method has the:
advantage that provided with the correct Lyapunov eguation, a stabi-

lity forcast can be made rapidly in the form of a "GO or "NO GO"

ansuer,

Lyapunov's method is claimed to be of general application to all
systems, but it has hitherto tended to give pessimistic results for
transient stability studies. Unfortunately also, the Lyapunov equation
as used by various authors, differs from one to tne other, indicating
that no general equation or any hard and fast rule for generating
such an equation, has yet been established. Even these studies
had to be confined to simplified systems and alternators without

damping or subtransient effects, voltage regulators, or governors.

3.4 Choice of Method of Representation

It is difficult to make any hard and fast rule regarding the
choice of any one method of representing a particular system. Some
general deductions may be made although each individual case should

be treated on its merits,

A fixed excitation system can be studied by using a constant
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voltage Vé behind transient reactance and a damping term propor-

tional to slip.

To allow for the ceffect of voltage regulators, the variation
of Vé must be included. However, if the flux changes slowly, it
may still be permissible to assume that the p¥ terms are negligible
in Egns. (2.1) and (2.2). .If the machine equations allow for dam-
ping, the voltage behind subtransient ractance has to be adjusted

similarly during 2 step-by-step solution. (sec Sect. 4.2.2.)

In the case of a three phase short circuit the value of
de or pWD may rise to a value comparable with de and qu.

The terms de and qu decay with time, but removal of the fault

restarts o rapid variation of Td and Wq,
At the prsent time it seems doubtful whether the Lyapunov method
can be applied successfully until it has been developed as a more

readily applicable tool, especially to the more complete practical

represcntation as needed for transient studies.

~-=000==~
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CHAPTER 4

4, THEORY QOF MORE ACCURATE METHODS

4,1 General

At an earlier stage stability calculations were made for gene-
rators with fixced excitation; assuming the field flux linkages to
be Constant24. Damping could be allowed for by means of a constant
damping coefficient. Latcr mothods have been developed to allow
for changing field flux linkazge, taking account of the action of
voltage regulators and gouarnorsza’zg. Such methods involved, in
the first place, an inaccurate allowance for damping and, secondly,
the assumpticn that the rate of change of steator flux linkages

(de and qu) can bec neglected. This chapter shows how those fac-

tors can be¢ included in a digital calculation,

The neced for a more accurste method than that shown in
Sect. 2.3.,4 was clearly shown by tests made at the Cliff Quay
Station 195630. A threc nhase short circuit test, madec when the
machine was loaded, gave a rcsult illustrated by Fige. 4.1, which did
not agrce with the calculoted curve. The calculated curve shows an
immediate risc of the load angle &, whereas the test curve has a
temporary dip, referred to as a ‘'"back swing", before an ceventual

rise. The phenomenon is in fact advantageous in a gencrotor be-

cause i1t allows more time to clear the fault,

In Ref., 1 an acceptable approximate analytical solution of
the machine equations uwcs derived for an initial periocd, retaining

the pY terms but assuming constant speed. With the assumption of
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constant specd the neon-linear differcntial Egns. (4.1) and (4.2)
become linzar. The predicted values agreed feairly closcly with
micro-machine test results and showed that, when 2 three phase

short circuit occurs, there is in addition to oscilllating components,
a transicnt unidirectional torque which may, under cortain con-
ditions, produce a back swing of thc type shown in Fig. 4.1. The
study by the above authors highlighted the individual transient

torque components and their effects,

An approximate physical picture of the back swing phenomenon
may be formed Ly rcolising that after a short circuit (isolating the
machine from any external busbar) the 'flux wave represcnted by
Wd and Yq ' remains as a flux wave stationary with respect to the
armaturezz. Voltages are inducecd in the rotor circuits and the
consequent currents cause power losses in the resistence of any
closed circuits on the rotor. These losses together with the
armature short circuit power losses produce a unidirectional re-
tarding or braking torque which opposes the prime mover torqgue.

Hence thcore is less torque available to accelerate the rotor after

a fault has been applicd,.

Thz unidirectional torque decays rapidly and has hitherto been
neglected in many studics of transient performance. However the
initial value may be considerably larger than the pre-fault prime
mover torque and thus be able to produce a retardation or back swing
during the short pericd of its duration, There is evidently a
need for a more accuratc gencral method applicable for transient
conditions when the speed variation connot bo nesglected. Such a

. 6
method has been developed for analogue computation by Shackshaft
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and & digital method has been published by Humpage and Sahal7.

The development of an improved digital method in the following

sections is made in two stages.

(a) The first stage allows more ful:y for thc action of the dam-
per winding, but neglects de and qu. This is referred to belaow
as the "approximate method," (see Sect. 3.2, method D).

(b) The second stazge accounts for p¥ and qu as well and is

g
roferred to as the “accurate method", (scc Sect. 3.2, method E),

The approximate mcthod gives the results in the same form as
garlier ones, The axis currents and the torque are slowly changing
quantities, where the changes occurring during an a.c. cycle are
small, The stator currents can be regarded as sinuscidal guantities
at any instant and can -e represented by slowly changing phasors,

Thus the time interval in a step-by-step calculation can be relatively
long, since the system on the stator side can be treated as an a.c,
network in which the complex values chango slowly, and the axis

guantitics in the machine calculations also change slowly.

The situation is quite different when p¥, and qu are included

d
in the eguations for the accurate methods It is known that, in the
calculation of the short circuit current of an unloadcd alternator,
omission of the pY terms corresponds to neglect of the asymmetrical
component of the stator current and to the assumption of slowly
changing axis quontities and phasors as explained above. Including

d

changing at about supply frecquency ond it becomes difficult to in~

the p¥ and qu terms therefore results in the axis quantities

terpret the oscillating ccmponents of a phasor. It also means that

the time interval for a step-by-step calculation must be short
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compared with the period of the a.c. cycle and hence roquires a

great increasc in the computer time,

The first computations performed to obtain results with the
"accurate method" made use of the standard Runge- Kutta method of
integration and rcquired a very long computer time. By using more

31,92 of intcgrstion it was possible to reduce

cfficient methods
the computer time dramatically., This matter is more fully dis=-

cussed in Chapter 7.

There are several practicel operating conditions where the
earlier cquatinns do not give sufficiently accuratec results. The
condition considered in detail in this thesis is the application
and removal of a three phase short circuit to a loaded alternator
where a back swing may accur. The back swing can also occur in the
case of synchronous and induction motors where the effect would be
disadvantagoous. A further cxamplc, not considered here, is an
alternator with rectifiers in the field circuit where the current

may have sharp discontinuities.

442 Alternator Eguations and Methods of Solution

The basic system being cansidered is the single machine case
shown in Fig. 2.1, The basic machineg equations for such a system
are F[qns. (2.1) to (2.10), repeated below as Egns. (4.1) to
(4.10) so that the subscquent mathematical dcovelopment may be

followed with greater - casec.
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The equations are:

Vg = pwd + qu + raid (4.1)
vq =--v‘1’d + qu + rai (4.2)
0 = rkdikd + kad (4.3)
0 = rkqikq + kaq (4.4)
Ve = Tplp + P (4.5)
for voltages, and
Yo =laata * bnatka * Laale (4.6)
¥a =tag*a * “ma'kq (4.7)
¥vd = tmatd *tewdtka * tnate (4.8)
qu = Lmqiq +kaqikq {(4.9)
Yoo = togla * bnatka * Lerate (4.10)
for the flux linkages, and
Tg = % (Ydiq - qud) (4,11)

for the clectromegnetic torque.

4,2.1 Standsrd Method

With the assumptions of the "“standard method™ in Sect. 3.2,
Egne (2.77) shows that the electromggnetic torque of the zlternator
immediately becomes zero when a three phasc short circut occurs, and
the calculated curve of & is incorrect., The standard method or
variants of it has been commonly used in the past, but uﬁder Cer=
tain conditions, as described above, a more accurate solution of

the cguations is necded.
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442,2 Npproximatoe Method

The "approximate method” makes full allowance for damping and
system resistances and gubtrensient saliency and for variations in

the speed. However the changes in flux linkages represecnted by

de and qu are nceglected.
The method was worked ocut by Alfordgg, who showed that Egns.
(4.1) to (4410) con be rearranged as follows.
b4 ¥
f kd
w¥ = X'+ (X" - X )(o— + ) (4.12)
d d™d d a XFd Xkd
' “ka
= 13 "o
W¥ = Xpio o+ w(Xq X,) qu (4.13)
T(XY X)) (Xt - X_) -
| ( d -~ "a d a .
p\ykd = g W . ld -+ Xf,r] . ‘l’f Ll ‘de l dD (4.14)
FXm {g -
= 44 {/Tn
P¥q W Yeq 1750 (4,15)
T (yv o \f
R PG =X Xty A k]
- ] Ny .
£ £ X0 Lv(Xé - Aa) i X1ed R
- (X" « X )X 7}
-V, 1. dx = md . | (4.16)
L kd"fd - |
when use is made of the following indentities
Log Lig
olly~ 7)) = Xy 3 ollo, ™ ¢ ) = XM o3
ffd kkq
2
L L (X" - X%
w(L - md )= xé - X s ng_ _ ...EL)Z_..._.P._)- o
md Loy @ bkkg Kq
L2 (xr = X_) L Xt « X
w(L md d a X . md _C a ,
- = . ?
fd = bepgt (k- x ) K Leeg Aed
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The teorminal veltzr e equaticns (4.1) and (4.2) can be written

(ncglecting p¥ tcrms) as

v r i, + X"i 4+ y®

mtd ad q g d

(4.17)

N N et N Nt

’ — 3 a "
thq = ralq + Xdld + vq

Hience, the alternator can be represented by a veltage behind sub-

transient reactance and the two axis components are

¥ 4 )

UM = e SX"E o4 (X" e X )= )

d . 9gq q a qu )
j (4.18)

14 14 )

. £ kd
viom SXML L = (1l «8)(X" = X _)(g— + 5) )
g dd d a de Xkd )

The method of representing the machine by a voltage behind

sub-transient rcecactance combined with & step-by-step solution is

explained in Ref, 33.

If the alternator is connectsd through a transformer and
transmission line with 2 total resistance R and a total resistance
Xy to an infinite bus having 2 r.m.s. vcltage %, then the voltage

equations for the interconnection tie-linc are:

= 'Vr-— - i - -)S i
Vot 2y, Ri, s Vig (4419)

= '\/-— - i 5 i
thq 2qu qu T . Vi (4.20)
where V., = V sind and qu = V cosd (4.21)

The generator terminal voltage is given by

Vou = v . =V 2 7 (4.22)
mt mt Vmtd * thq
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The equation for mechanical motion is

2 n f

6 =
P e (T, =T, =T (4.23)

In a step-by-step solution the voltages given by Eqn. (4,18) is
applied at time tn to tletie~line impedonce and infinite bus voltage

to find the current components id and iq' The electrical torque

and the change in the load angle are determined and hence the neuw

value of load angle at tn+l° Equations (4.14) to (4.16) are

used to compute the rate of change of the sccondary flux linkages

and hence VY ¥ and Y may be found at tn provided the

F?! “kd kq +1 .

values are known at time tn° The new values of the flux linkages
are then substituted into Egn. 4.18 together with the currents

(value at tn) in ordor to obtain v" and Vg at t

d n+1*

By setting pWF = p¥ = pwkq = 0 before o disturbance is

kd
applicd, the velue of the field voltage is found to be

Hoo t o X
v = | ¥ - i ( Xa)xmd 14 (fﬁ____iz) /T¢
fo fo do (X' - Xa)m X qo

Q.

“d kd

The damping torque can no loncer be separated from the total
electromagnetic torgue but is automatically teken cere of by the rate
at which the flux linkzces in Egns. (4.14) to (4.16) arc allowed to

change,

The calculated results of Chapter & show that the improved
method of accounting for damping, does not explain the back swing

in load englce after a threo phasc short circuit.

When zero subtransient salicncy is assumed (XS = X;) for

the alternator, the subtransicnt reactancc can be added to the
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tie-line rcactance, and the axis components of voltage in Eqn.(4.18)
can conveniently be transformed into a phasor, representing the
phase values, so that the alternator can be treated as a network
component. The simplification is particularly usceful for dealing

with a multi-machine system,

442.3 Accurete Mcthod

It has been shoun that in tﬁe cvent of a threc phase fault
a significant error is introduced by thc assumption that p?d and
p?q arg negligible. Since the inclusion of de and qu allows
for stator transiocnts, the voltace equations (4.19) and (4.20) must

also take into account thc transmission line and transformer in-

ductive volt drop aftor a sudden change.

Hence
Iy . X - 2 X

Vatd = Y%Vby o Plg = Rig = Qvig (4.24)
- V5 _X — X vi

Yitq zqu o Pig Ri, + = '7d (4,25)

Expressinns for de and p?q can be found by differentiating
Eqns, (4.12) and (4.13) and used to obtain a set of first order dif=-
ferontial equations. In doing so, cither id, iq can be elimi-

d9

pid, piq retained, The two methods are equivalent, but it was

nated and de, qu retained or Y Yq can be eliminated and

decided to use the sccond alternative, becausc the currents and

their derivatives arc prescnt in the extcrnal network equations,

It is shown in Appendix I that the primary currents id9 io

¥ and ¥ , can be found from

and the secondary flux linkages Yf, IKd kq
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five simultancous first order differential equations, given in

Egqrn. (4.26)

., 7 - 7 - . 'I

Pl ay va, a, 2, vag aﬁvbd a, i,

plq ivbl b2 vb3 vb4 b5 bﬁqu 8] lq

pWF = ¢y 0 o C, 0 0 1 Tr

kad dl g d3 d4 g 0 g ka

_?Wk?_ _&O 82 o] 0] Cg g OA*J qu
1

(4.26)

A stup of the computation uses the equations to find values

of the variables at tn+l from known values at tn. First a numeri-

cal method of integration is applied to the diffecentisl equations
(4.26) and the valuvs of the integrablc variables (IV's)(see Sect.

7.1) ig iq’ Yo, ¥ , and ¥ are found at time tn These are

kd kg
used in thc algebraic equations (4.12) and (4.13) to compute the

+1°

non-integrable variables (NIV's)(see Sccte 7.1) ¥_ and Wd, which

q
together with i and iq are uscd to compute algebraically the

d
clectromagnetic torque T, from Ean. (4.11). For a system with a
governor, the differential equations are used to find the prime
mover shaft torque Tin’ The new value of the IV's speed and
load angle &, are found from the differential equation (4.,23)

The non-integrable variables are cal~

Ubd’ Vbq’ Ymtd? Vmtq? Vit
culated from the algebraic equations (4.21),(4.24),(4.25) and (4.22).
When an a.v.r. is present the veluec of Umt is substituted into

an algebraic equation and the comparator output is used in the a.ve.r.
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differential cquations (sev Sect. 5.2.2) to find the veluc of the

integrable variable V_, Without an a.v.r. the ficld voltage y

f £

rocmrinc’ constant.,

The computation described above is an improvement on previous
attompts to solve the non~linear system equations by digital com-
puter. Humpage and Saha17 retained the pY terms but were unsuecessful
in oxtracting a set of simultansous differential equatiens and
thercforec had to use the numericel method of finite diffcrences to
calculate at the end of the nth step the derivatives of variables to
be used during the (n + 1) th step. As a result the solution of the
flux linkages was always one step behind the sclution of the cur-
rents or vice versa, and requircd shorter time steps in the in-

tegration process.

Expressions for the volta:es Vé and VS behind subtransicnt

reactance, like those in Egn. (4.18) are found as

X'pi p¥ pY¥ v
\!3 - d~d + (Xé' - X ) 7 f » ‘X‘—k—q - SX'i 4 w(xg - Xa);(ls.g
© R kd e 9 kq
(4.27)
X'"pi (X" « X)) ‘- X
V" o~ —g———g + —u -—.E-}B . pi - ‘:)\PI
q w X, TV 1~ w q kq
kg qo
~ b4 v 7
f kd
+ SXMi = (1 =8) | w(x" - X_)( + o) (4.28)
d { d a de Xkd__

However there is no advantage in using Egns. (4.27) and (4.28)

since Eqn. (4,26) gives all that is required.

w0 -
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CHAPTER 5

S, EQUIPMENT  USED FOR  TESTS

5.1 General

Test results aiout the transient behaviour of a synchronous
generator after a three-phase fault were obtained from results about
a 30 MY turbo- alternator and also from experiments perfarmed for
the purpose fo this thesis on a micro-machine system at Imperial
College., The parameters of the micro-machine system were chosen,
where possible, to correspond on a per unit basis as clasely as

practically possible to the values of the large system.

5.2 A Large Practical System

Although the 30 MW system (see Fig. 5.1) at Goldington has
been descrited in Ref. 6, it is necessary to repeat the description
of some of the equipment which has a direct bearing on the studies

and results in later chapters.

52,1 The Alternator

The data used for the computed results of Chapter 6 appear in

Table 5.1,
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Table 5.1 Data of 30 MW turbo-generator

Base stator voltage 9.68xV3/Y2 kV, r.m.s. line
Dase stator current 2.59 x V3/¥2 kKA rT.m.s.
Base power 37.5 MVA

Base stator impedance 3.73 ohm.

Base field voltage 153,5/Y2 ky

Base field current 244/V2 A

Base field impedance €30 ohm,

Mutual reactance, de, qu(unsat.) 1.86 p.Ue.

Armature leakage reactance, Xa 0.14 p.u.

Armature resistance, I 0,002 p,u,

Field leakage reactance, X D.14 p.u.

fd

Field resistance, e

Damper leakage reactance, Xkd’xkq
Damper resistance, T4’ rkq

Inertia constant, H

Calculated data

Subtransient reactance XS
X"

q

Transient reactance Xé
. . 1
Time constants: Tdo

Ta

17
T4

TH
9

0.00107 pa.u.
0,04 Pels
0.00318 p.u.

5.3 kls/ku A

0.1706 p.u.
0.1792 p.u.
0.,2702 p.u.
5.949 sec,

0.8038 sec,
0.1076 sec.

0.0978
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5,2.,2 The automatic voltage requlator

The physical operation has been descri’oed6 with reference to
the block diagram representation of [ig. 5.2. The equations and
parameters in this section are in physical units and the values

of a.v.r. parameters appear in Table 5.2

Voltage transformer and comparator

Both references 6 and 17 quote a common gain GUS for the
reference lcvel \/rB and the terminal voltage th, while in fact
Fige 542, which was first published in Ref, 6 and later used in
Refa 17, shous th to pass through a voltage transformer before

reaching the error sensing element or comparator stage. The com-

parator's output

= -G, (V- V) (5.1)

Y}
ml Vs T

therefore implies that the fictitious refercnce voltage Vr in
Egn. (5.1) is on the same side of the voltage transformer as Umt’

and is thus of the order of 12,000 volts,

First magnetic amplifier

ml
= 542
m2 = 1+ 7% 1P (Uml * vxs * Ums) * Kml ( )
. e
while Um2 min XX sz S; vm2 max
5econd magnetic amplifier
G
m2
vx =1+ .p Vo2 * Koo (5.3)
m2
{ ~
while Ux min Ux‘irvx max



The a.c, _exciter and rectifiers
G_ U><
V, = ————"— 4+ K
f 1l + TP X
Ampifier stabilizer
va ms
V = - ~3 ] \)
ms 1+ p X
s
Exciter stabilizer
xs ' xsP
v = - .« V
xS 1 +7_p f
XS

Steady statc initial conditions

Before the disturbance is
of some regulator variables are

reactive power, and voltige at

applied,

founa from the
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(5.4)

(5.5)

(5.6)

the steady stete valucs

values of active-and

the generator terminals.

The reference voltage of the voltage regulator is given hy

Vreo® CysVmto * (Vfo - K = B
while
Voo = Vmso: 0
Vg = (Vf - Kx)/Gx
Va2o = (Uxo - Km2)/Gm2
Volo = (v 20 ~ Kml)/ ml

2

G

G K

X m2 ml)/GxGmleZ

M N M N N N N N M M e e N N s
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Table 5.2 Voltage regulator data.

Gvs = 0.,00159 Vx min = o v
G = 52 Y = 227 V
ml X max
T = 0,044 sec, G = 3.06
ml X
K = 65,4 T = 0,2 scc,
ml X
v . = l.8 V K =15
m2 min
v = 51,6 V G = 0,0139
m2 max ms
G = 12.2 T = 0,1 sec.
m2 ms
T = 0,1 sec, G = 0,00525
m2 XS
K = « 1l46,7 T = 2.0 sec,
. m2 XS
The value of Gvs as listed above is applir:abl«?"4 to Egn.
(5.1) when V_ and V_are in line volts rT.me.s. G and G were
mt Te ms XS

printed incorrectly in Ref, 6 and corrected ualues5 appear in

the above table. sz has a negative value,.

56263 The governor and turbine

The physical operation and assumptions for the mathematical
model have been described6 with reference to the block diagram
representation of Fig. 5.3, and the values of paramcters appear in

Table 3.

Centrifugal Watt governor

Y =Y - Gpd (5.8)
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Y is proportional to sigeve movement and is zoro when the wveights
are fully out and unity when theoy are fully in, YO is proportional

to the speeder gear setting.

Relay and pilot valves

GZY
Yy = (1 + Tlp)(l + sz) * Ky (5.9)
. -
while 0Kv, 1
Y is the governor steam valve position and is zero when the

1

valve is fully cleosed and unity when fully open.

ogvernor steam valvo

P =G, Y ' (5.10)
where P_  is the steam power

Turbine

The turbine output pouer is delayed by the entrained steam

and appears as
P, = ————— (5.11)

The shaft torque transmitted to the alternator is

P.
10

T.o. —dn (5.12)
2nf

or, since EES—F is small compared to unity, Egn. (5.12) can

be rearranged by means of the 5inomial Expansion Theorem to

- _ RS .13
Tin = pin(l 2w ) (5 )

which is the form used in Ref. 6.



Steady state initial conditions

At synchronous speed pb = 0, so

ino ino e L so 3 1lo
F]ino
Also Y = (YlO - Kz)/G2 =( G, - Kz)/[;2 = N
and the spesder gear setting YO = N

Tabhle 5,3 Governcr and turbine data

80

(5.14)

Nt Nt et Nt S N St Nt

G, = 1.088 x 1077 K, = - 0.267
G2 = 1.33 83 = 1,42

Ty = 0.1 sec. Ty = 80.49 se
T, ® 0.188 sec.

5,2.4 The tie-line impedance

The tie-line consists of the generator

step-up transformer

and the transmiscion line as in Fig. 5.1, The parameters are as

followss

100 MVYA base

1.35 %
Rl %
XI 35.4 %
Ré 4eb6 4
X 12.65 %

37.5 MUA base

0.506 %
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5463 A Micro-machine System

The micro-machine is connected to the fixec supply, treated
as an infinite bus, through series impe:'snce Zl and 22 as shown
in Fig. 5.4. The machine is a small alternator specially designed
to give a range of parameters on a per unit (p.u.) basis and values
wvere selected, within limits,; to correspond with the large system
in Sect. 5.2. The equipment includes a time constant regulator
(see Sect. 5.3,2) which controls the effective resistance of the

excitation circuit. A governor and a.v.r. were not included in

this particular system,.

5,3.1 The alternator

The micro~alternator35 (stator no. 334819, rotor no. 334828)
has @ laminated cylindrical roteor,; although standard testJé re-

sults showed a salisency of about 10%. The machine parameters are

given in Table 5.4.

A comparison of Tables 5.4 and 5.1 reveals that the parameters
agree fairly well except For the high armature resistance and the
small sub-transient time constants. In soth cases it was practically

impossible to avoid these differences,
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Armeture resistance, r

Field leakage reactance, de

Field resistance, Teo

Transient reactance, Xé

Subtransient reactance: X!
Xll

Time constants: T!
do
1

Td
"

Td

T"
4

Inertia constant, H

0.00108 p.u.
0,217 p.u.
0.150 p.u.
0.170 p.u.
5.34 sec,
0.630 secc.

0.013 sece.

0,013 sec.

5,7 kWs/kVA

Table 5.4 Data of micro-alternator

Base stator voltage 186 V, r.m.s. line

Base stator current 443 A T.MaSe

Base armature power 1385 VA

Base stator impedance 25.0 ohm

Zase field voltage 1410 V

Base field current 0.491 A

Base field power £92.5 VA

Case field impedance 2870 ohm

flutual reactance: de(sat.) 1.71 pau,
qu(sat.) 1.51 p.u.

Rrmature lecskage reactancr, Xa 04127 pau.
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5,3.2 The time constant regulator

The micro-machine has a much higher natural per unit field
resistance than a large generator. A time constant regulator
(tscers) which reduces the effective field resistance had been
developed and used in earlier experimentsgs. The basic clements
of such a t.c.r. appear in Fig. 9.5. An auxiliary field winding
with the same number of turns as the main field winding but of
much smaller copper section has been wound in the same slots as
the main field., With nearly perfect coupling between the two
windings, the voltage appearing across the auxiliary field is
squal to the induced voltage pY¥ in the mein field. This is added

f‘
to a voltage i_R and the total fed back through a high gain

f fb
deCce amplifier to the control fields of a series exciter. It can
be shown that if the open loop gain of this control system is large
gncugh the effective field resistance becomes be which may
thenbe set to a suitable value in order to obtain the required time
constant,

-

543.3 The prime mover torque-spsed characteristic

An important source of dampingz4 in a turbo-alternator is
the turbine since the torgue is a function of the spoeds The
torque-~speed characteristic of the turbine at Goldington can be

found for slow changes in specd as shown below.

Egns. (5.10),(5.11) and (5.12) can be combined to shou that

1,42 Yl

s —21r _ 1 5.15
Tin = MmooTTm (5.15)
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M =

£l<

= per unit speed,

i

_pd
(1« 2n )

The torque/spoed relationship of Egqn. (5.15) is therefore a
function of the steam valve position Yl and Fig. 5.6 shows this
relationship for various values of Yl'
The slope of a torgue/speed curve in Fig. 5.6 can ba found

by differentiation of Egn. (5.15) i.e.

dT, G,Y,
am = T T2 ¢ Kom (5.16)

and this dectermines the damping effectza.

At synchronous speed, ™M = 1 and the slope becomes

Ko = = G, Y (5.17)

but from Egn. (5.15) it is seen that when M = 1,
Yl = Tin/G3
which, when substitute into Egns. (5.17), yields the slope as

Kims = Tin (5.18)

According to Egn. (5.18) the torque/speed slope at synchronous

speed is 1 at 1 p.u. torgue and speed, and ths numerical value

is less than 1 at reduced torques.

The micro-alternator is driven by a separately excited D,C.
motor, the characteristics of which are different from those of a

turbine and have an important effceect on the machine behaviour under
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transient operation. Equipment has been designed and tested to
contrel the D.C. driving motor in such a way as to simulate a
turbine drive. The control equipment was not fully operaticnal
however, at the time when the system stability tests described in

Chapter 6, were carried out,

For tho purpose of the micro-machinc tests, a constant value
of the torgque/speed slope therefere haed to be used. The natural
torque/speed slope of the O0,C, motor at 1 p.u. torgue is in the
order of -30, but it is possible to reduce this value by adding
resistance in series with the armature. An attempt was made to
achieve the value of -~ 1 (also suggested in Ref. 24), but because
of de.c, sypply veoltage limitations it was not possible to reduce

the slope further than - 2.68.

5.3.,4 The tie-line impedance

Use was made of a three-phase transmission line simulating
network which consists of resistsnee-~, inductance-, conductence-
and capacitance "units". Each unit consists of a number of fixed

"elements" so that a renge of values are possible.

The capacitance and conductance units of the simulator were
not used since there are no details about these parameters in the
practical system of Sect. 5.2 and a series combination of only
resistance and inductance was used, However, the exact tie-line

parameters could not e modelled, because

(a) the simulator elements have fixed finite values. furthermore,
the inductance elements have a finite 00 which varies from 10 to 30

and thus have appreciable recistance.
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(b) the transmission line of the Goldington system has only 4.749%
recactance. Hence, the short circuit current from the infinite bus
is about 20.0 p.u. On the micro-machine systemy, this corresponds
to a current of approximately 90 A which exceeds the maximum rating
of the transmission linc elements and of the air circuit breaker.
Moreover, the inductance elements have iron cores and at the higher

‘fault currents there are errors due to saturation.

To overcome the above limitations a vacuum breaker capable of
cleering 200 A {a.c.) was purchased and a larger transmission line
roactance was used. On the transmission line simulator, a choice
had to made between a 4 ohm (16%) and a 2 ohm reactancec. Due
to saturation and consequently the unknown upper limit of fault
current, thec 4 ohm reactance was used. This also allowed rapid
repetition of the fault application without overheating of the

low-B reactance element or any other auxiliary equipment.

The transformer in Fig. 5.1 was simulated by a high-0l reactance
which has an iron core with an air gap. The final values of the

micro-machine transmission line parameters arc listod belouw

Micro-machine system 30 My system

Ry 0,569 0.5069
X, 13,29% 13.3%
R, 1.3% 1.73%
X 16% 4745

(3]

Tests were also made with X, = 8%, but were not analysed be-

2
causc it was discovered that the t.c.r. was not functioning

satisfactorily (see Sect. 6.3)

Y -
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CHAPTER 6

6. COMPARISON OF CALCZULATED AND TEST REZULTS

6,1 General

The results presented in this chapter are for the case of a
threewphasc short-circuit close to the alternator. Test results
for a large system (Sect. 5.2) as well as for a micro-machine system

(see Sect. 5.3) are compared with computed results.

6.2 Regults for a Larce System (Goldingtan)

The tests conducted by the C.E.G.B., on a 30 MY alternator
at Goldington (see Sect. 5.2) included a short circuit test applied
at the high voltage terminals of the transformer (see Fig. 5.1)
with the generator operating at full leocad., In Ref. 6, the results
of the test are recorded and calculations of the porformance are
made by means of an analogue computer. The complete egquations are
uscd with allowance for regulator and governor action and for the

effect of saturation.

In the present section, digital computaticns arc used to
verify the results, using the approximate and accurate methods
described in Sect. 4.2, The calculations donotallow for satura-
tion, Further computations are made for difierent conditions on
the samo system. Particular emphasis is placed on the initial

period for a detailed study of the back swing phenomecnon,
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6.2.,1 Three-phase short-circuit at rated load,

Fig. 6.1 shouws the swing curves determined by the site tests
and by the approximate and accurate methods of calculation. The
angle on the test curve does not swing back noticeably but is al-
most horisontal for the first 0.1 sec., shouwing that there are
losses which neutralise tho turbine torque, but are not sufficient
to cause a back swing. The angle detsrmined by the approximate
method commcnces to rise immecdiately, because it does not allow
for any losses, and the peak value of 6 is too high., The accurate
method shows much better agrcement with the test curve durinng the
first swing, although there is somc discrepancy during later swings,
probably becausc of uncertainty in the turbine and governor para-

metors and becausce saturation i1s neglectod,

Fige 6.2 shows computod curves for the two flux linkages
calculated by the two methods. The flux linkagss Wd and Wq de-
terminod by the accurate mothod (Curves (a) and {c)) are decaying
sinusoids at supply frequency and are 90° out of phase with each
other. When calculated by the approyimate method, on the other hand,
each flux linkage has an initial step change (Curves (b) and (d))
followed by a gradual decay which agrees closely with the mean

value of the corresponding sinusoid.

From Egn. (4.1)

de+ qu = Vg - Ty

or approximately Vo if raid is neglected. Curve (g) shous

vy as a slowly decaying curve. The guantity de, (Curve (e))

which is neglected in the approximate method, is seen to be of the
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same order of magnitude as qu. Curve (h) shouws the quantity

- qu + v?d = ~ Uq + ralq .

The value of uq is nearly the same for both methods while

again qu is of the same order of magnitudc as VWd. The curves

for Ud and Uq show that, although the axis fluxcs oscillate,

the axis voltages are slouly changing unidirectional quantities.

Fige 643 shows curves of de for a time period longer than
the fault time. After the fault is removed the accurate curve 1is
again a decaying oscillation but now thc approximate value is
not the mean value of the accurate sinusoid as it was during the
fault. This is because the two methocds yicld different results
for the rotor angle at the instant of fault clearance and thus lead
to different currents, torgues and flux linkages when the generator
is back on the system, Fig. 6.3 also shows the axis currents

calculeted by thec two methods.

Figure 6.4 shouws theo axis components of voltage, Vy and Vq ’

and also the terminal voltage V The 50 Hz oscillations in

mt*

vy and vq initially after application and again initially after
removal of the fault, are present when the numerical calculations

take the r i and terms into account. Thtse terms are

a“d ralq
only appreciable for short periods when id and iq are relatively

large.

Tho variation of electrical torgue T according to Eqn. (4.11)
appeas in Fig. 6,5. The accurate method shows a 50 Hz oscillating
torque with a first peak of about 4 p.u. while the approximate

method shuws Te to decrcace step-wise initially to about 0.15 p.ue
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The mean value of the envelopes of the accurate solution, tends

towards the value of the approximate curve after about 60 milli-secs.

The semi-log plot of the envelope of Te is a straight line
and by extrapolating back to zero time, it is possitle to find an
initial value for the rapidly decaying unidirectional or mean torgue
Teu' The time constant of the decaying envelope is about 130
milli-seconds which agrees fairly well with the value of 125

milli-seconds which was calculated by using the expressionl for

the armature time constant Ta.

Fig. 6.6 shows the approximate value of Te’ which has an
initial step chanve of 0.7 p.u., followed by a decay to a constant
value 0.08 p.u.sy, while the unidirectional torque Teu obtained by
the accurate method has an initial valus of about 0.68 p.u. Since
T is less than the shaft torgue of (0.8 p.u. the machine is not

eu

retarded and no clear back swing is seen in Fig. 6.1.

6.2,2 Three-phase short-circuit at various system conditions

Mo site test results Ffor a three-phase short -circuit were
avalilable except those already given, but calculations were made

for other conditions, and the results are shown belou.

(a) Effect of reduced load

Fige 6.7(a) shows ecalculated curves similar to those of Fig. 6.1
but for the caseof 0,2pw.u. active power and 0.6 p.u. reactive power,
The back swing is now clearly visible. There is not only a signifi-
cant difference in the amplitude of the first peak as cslculated

by the two methods, but also concsiderable phase shift during the
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first few swings. The difference in the angle 6? when the fault

is removed, is 11° on Fig. 6.1 and 12° on Fig. 6.7(a).

The steady shaft torque of 0.2 p.u. is smaller than the
unidirectional torque and the machine is temporerily retarded, The
lower the steady pre-fault power level, the more severe is the
back swing. At no load the angle cwings only into the negative

region,

(b) Effect of increased tie-line reactance

Figure 6.7(b) shaws the effect of a transmission. line whosc
reactance is ten times that of the Coldington system. In comparison
with Fig. 6.7(a) the discrepancy between approximate and accurate
calculations has increased and continues longer. With P = 0.2 p.u.
and @ = 0.6 p.u. the larger tie-line reactance requires increased
excitation and higher terminal volts. Hence the zirgap flux, which
is trapped when the short circuit occurs is larger and the initinl

transient losses and the initial unidirectional torque are increased.

(c) Effecct of reduced inertia

The results of Fig., 6.7(b) were recalculated for a recduced
inertia constant of 3 sec. which is slightly lower than that of a
modern 600 MW turbo-alternator. The results are shown in Fig. 6.7(c)
The back swing lasts for the entire fault period of 0.38 secs., the
difference in 6f between the two methods in now about 22 degrees
and the amplitude error is also larger. The phenomenon of louer

inertia permitting a larger back swing supports the results shown

in the next section.
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6.2.3 Detailed assessment of the back swing

The curves in Fig, 6.8 apply to the system condition of
Sect. 6.2.2(c) and show the torque, thec slip, and the load angle
when the calculation is made with the accurate and aporoximate methods.,
ficcording to the approximate method the slip increasas from
zero when the fault is applicd because the prime move:r torque is
larger then the armature copper loss torque by its=zlf. Upon removal
of the fault; the slip decreases again, Hence the load angle o

increases initially and reaches a maximum when the slip 1s zero.

On the other hand, the accurate method shows the first peak
of the pulsating electromagnetic torque Te to rise to sbout 5.4
p.u. while the turbine output Tin is only about 0.2 p.Us.
Figure 6.9 shows the variation of the unidirectional torque Teu
which has an initial value of about 0,68 p.u. which is larger than
the shaft torque of 0.2 p.u. and hence the retrrdation or back
swing occurs. It is significant that the initial value of Teu for
the;e system conditions is avtiout the same as for the original con-
ditions of the site test (Sect. 6.2.1). Howevdr the different ef-
fects of Tcu depend on the pre-fault shaft torque and the machine
inertia. {"ig. 6.9 also shows the step decrease in the approximately
calculated value of Te' A semi~log plot of the torgue envelope of
figs 5.8 1s agein a straight line with a time constant of 135
milii-seconds. This value corresnonds to that found in Sect. 56.2.1

since the armature and field circuits are the same for the two con-

ditions while the fault is one.
The variation of Te when the fault is removed is shown in

Fig. 64,10 for various values of fault time. It is seen that after
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fault removal, TG invariably first goes negative due to synchroni-

sing power from the infinite bus.,.

In addition to factors likc pre-fault load, excitation lcvcl
and inertia, the amount of back swing is incrcased when the fault
is closer to the machine and thus permits & larger armature short-
circuit current and losscs. Tho duration of the unidircctional
torque is also affected by such quantities as armature resistance

and the field and damper winding time constants.

6.3 Results for a Micro-machine System

Three-phase faults were applied to the c.w.r. micro-machinc
system of Fig. 5.4 on thg transmission line side of the simulated
transformer. No governor or a.v.r. is used in this scction, digital
computations are used to verify the results using the accuraste method

described in Scect.e 4.2 but not allowing for saturation,

Figure 6.11 shows the accurately calculated as wcll as the
measured swing curve for the micro-alternator when the ficld is
cxcited dirsctly from a steady battery supply. The aéreument is
good apart from some discrepancy during the first swing, which may

be due to other losscs not allowcd for.

Figure 6,12 shouws the accurately calculated swing curve for
a reduccd field resistance and the measured curve when the t.c.r.
(see Scct. 5.3.2) was uscd. The discrepancy between calculated and
test results of Fig. 6.12 is too large toc have been caused by
uncertainty of thc parameters., Closer investigation of the re-

cordings of the altcrnator ficld current and the t.c.r. exciter
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output voltage Ue (see Fig. 5.5) showed that the exicting t.c.r.
was not responding fact enough when applying and removing the short
circuit, especially when close to the altocrnator. In practice this
meant that the effective Field resistance was not being kept con-

stant at the value be as used in the calculations.

The exciter output voltage UC gshould respond in such a way

2R is supplied

that under all conditions the pouwer dissipation iF e

by the exciter set. However, duc to the slow response of Vn

aftor application of the fault, a certain amount of the iiRF loss

is not supplied from the exciter but is drawn from the kinectic

energy of the altcernator's rotating rotor. This effeoctively
decreases the available acceler=zting torque from the prime mover

and makes the braking effect larger. A similar effect in the reversc
dircction occurs when the fault is subsequently removed. The

test curve of Fig. 6.12 shows a larger and longer back swing and

a higher peak value of © after the fault has been removed, thus

confirming thc above deductions,

Thet.c.Te had previously been used for lcss severe conditions
than the short circuit. Plans are in progress to replace the rotating

machine type of 4c.r. by one using transistors.

It is interesting to note that the calculated curves of
Figse 64,11 and 6.12 shouw the difference betucen a typical small
laboratory machine with a high field resistance (fig. 6.11) and a
typical large alternator with a low field resistance (Figs 6.12).
The results indicate the type and magnitude of error involved whon

conclusions drawn from a small commerial machine are extended to
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a large practical machine.

According to the calculated curves of Fig. 6.13 the unidirec-
tional torque is initially of similar magnitude For tioth values
of field resistance, but derays more rapidly with high ficld

resistanca.
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CHAPTER 7

T NUMERICAL INTEGRATION TECHNIQUES

7.1 General

The transient response of a synchronous machine is described
by non=linear eguations which can be solved by using a numerical
method and a fast computing aid. The time taken to solve the
equations 1s therefore directly related to their complexity, the
order of the numerical method and the speed of the computing device.
This chapter presents the results of studies about the accuracy and
overall digital computer time, when various integration routines are

used to solve the machine and system equations.

The solution of an "integrable variable" (IV) is found by in-
tegrating the derivative of the variable, for which the expression
is a differential equation in terms of other system variables. The
solution of a "non-integrable variable" (NIV) is found by calculating
its value from an algebraic expression in terms of other system

variables,

The "approximate method" (see Sect. 4.2.2) uses algebraic
equations (4J1) to (4.13) and (4.17) to (4.21) in conjunction with
differential equations (4.14) to (4.16) and the dynamic equation
Wkd’ qu Wf and & are obtained from the differen-

tial equations by a relatively simple step-by-step method of integra-

of motion (4.23).

tion,

The "accurate method" (see Sect. 4.2.3) uses algebraic equations

(4.11) to (4.13), (4.21),(4.24) and (4.25) in conjunction with dif-
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ferential equation (4.26) and the dynamic equation of motion (4.23).
wkd’ qu, Wf, 6,1d and lq are obtained from the differential
equations by a complicated numecricel method of integration,

In the practical system at Goldington, the machine is equipped
with an automatic voltage regulater and the prime mover has a governor.

These regulating devices have additional differcential equations of

both first and scecond order as explained in Sect. 5.2,

Several methods of solution were used for the Goldington systoem.
Using the experience so gained, calculations for the c.wW.r. micro=
machine were worked out to reduce the computer time. The
micro~-machine had no regulator or governor, but they could readily be

included,

7.2 Methods of solution for the Goldington system

T:2.1 The approximate method

The socond order differential gquation of motion can be rea -
ranged as suggosted by Craryza, When the approximate method is
used to represent the machine, the additional differential equations
can also be rearanged in a form suiteble for the trapezoidal rule of
integration. This rule consists of adding the product of At and Yé

(the slope of y at tn) to y, in order to find Y_ The approximate

+1°
curve in Fig. 6.1 has been calculated in this way, using a time

step of 0.001 sec. and the ratio of computer execution time to real
time of 3 seconds, is approximately 14.1 (the CR ratio) on an

IBM 7090 digital computer. The maximum step length is limited by

theo foedback circuits of the control mechanisms rather than by the
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machine equations. This is the simplest method of solving the ap-

proximate representation of such a single machine system.

Te242 The accurate method

When the accuratec method is used, it is possible to "arrange"
the equations and the scgucnce of the solution in scvcral ways to

suit the particular numcrical method of integration,

The terms "method of integration'” or '"integretion routine"”
refer to Euler's trapezoidal method, the Runge-Kutta method, or
the Kutta~Merson method. By "arrangement" is meant the arranging
or groupigg together of certain equations in a form most suitable
for a particular method of integretion. As an example, Fig, 7.1
shows an arrangement where the machine’s.fiue differential equations
(Egn. 4.26) are grouped together in a "block" and solved by the
method of .Runge-Kutta while the turbine, a.v.1., torque and load
angle equations are arranged or grouped into threc other "blocks"

and solved by the trapézoidal method.

Only one arrangemecnt was us-d in the study of the Goldington
system but two methods of integrating the machine's differential
equations wcre investigated, viz. a fourth order Runge-Kutta and a
fifth order Kutta-Merson method. During the solution the fifth order
method provides information which may be used to adjust the time
step and hence decrease the CR=-ratio even further. Houwever, a
fixed value of time step was used for both methods for comparative

purposes.

The main feature of Fig. 7.1 is that one of these higher order
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integration routines is applied only to the block labelled 'PLANT',
At the end of each step, the solution transfers to the main program
and the algebraic quantities (NIV's) are calculated while the

differential equations of motion ; and the equations of the tur-
bine and governor and of the automatic voltage regulator are solved

by the first order trapczoidal method.

The accurate curve of Fig. 6.1 was calculated according to
the flow chart in Fig. 7.1 while using a Kutta-Merson routine with
a time step of 0.0002 sec. The step length may be increased but
accuracy would be lost. A Runge-Kutta routine required a time
step of 0.0001 sec. to render the same accuracy. The CR-ratio
using Kutta-Merson on the IBM 7090 was approximately 80 while it
was 30 on an iDM 7094-11 computer. However this ratio may be im-
proved significantly by using Predictor-Corrector methods (see
Sects. 7.3) to soclve the differential cguations in  'PLANT!' since

the major portion of computer time is spent on this subprogram,

7.3 The Micro-machine System

The micro-machine system of Sect. 5.3, which has no governor
or automatic voltage regulator to add any additional differcntial
equotions to thosc of the machine, is usced to examine the merits of

diffcrent ways of arranging the computation.

7.3.1 The approximate method

The cquation of motion can be rearranged and together with the
other algebraic equa ions of the approximatc method (sec Sect. 4.2.2)

may .then be solved by the trapezoidal method,
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Curve (a) in Fig. 7.2 has been calculated for the micro-machine
with reduced field resistance. A compsrison of thec CR-ratio ,
accuracy etc. as a function of the step length At, appears in

Table 7.1.

74342 The accurate method

As mentioned in Sect. 7.2.2 therc are scveral possiblc ways
in which the system cquations may be arranged when using the "ac-
curate method" (sec Sect. 4.2.3), In this secction the effect of
various arrangcmcnts is considered for the single micro-machine
system having two typcs of equations viz., the differential equations
for the IV's 1like id’ iq and the algebraic equations for the
NIV's like torque and terminal voltace, as explained in Sect,.4.,2.3.

The different arrangements are illustratcd by the flow charts of

figures 7.1 and 7.3.

(1) 1In Fig. 7.1 the algebraic equations in the block named
'ALGEBRA' are kept scparate from the differential equations in the
block named 'PLANT'. The integrating routinc (IR) solves the dif-
ferential equaticns in  'PLANT' after which the program transfers
to 'ALGEBRA' vuwhere the NIV's are calculated. Some NIV's for

examplo and v, appear aon the right hand side of the IV

Yba? Vbq
equations in 'PLANT'. Since values for the NIVU's are only calcu-
lated at the end of each step, the method assumes in effect that
the values at the end of the (n)th step remain constant during
the (n+1)th step during which the IV equations in 'PLANT' are

solved. Hence the soclution of the NIV equations is alyays ore step

behind that of the IV equations. In order to maintain accuracy,
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Table 7.1 Ratios of cecmputer time to real time.
! s .
Arrangement Time step CR Accuracy Graphical Q1splay
of equatians At, seconds ratio {within 1.0% . :
Fig. ;Curve
| i !
Apprcximate 0.0005 | 2.710 YES 7.2 i a
Method. 0.001 1.800 YES 7.2 | a
[
0.005 1,055 YES 7.2 1 a
i
0.010 0.965 YES 7.2 } a
Mathm. |
- |
0.035 Unstable 7.2 ; d
!
Accurate method.| 0.0005 8.312 YES 7.2, 7.4 | ¢
Arrangement (1) | 4 gy 4,712 YES 7.2, 7.2 | o
Figure 7.1
0.005 1.828 NO T2, 7.4 b
0.010 - NO T4 a
Mathm,
0.012 - Unstable 7.4 d
Arrangement (2) 0.,0005 13.758 YES 7.4 c
Figure 7.3 0.001 7,438 YES 7.4 . ©
A
0.005 2,360 YES 7.4, ¢
0.010 1,734 NO (29 7.4 c
Mathmc
0.012 - Unstable 7.4 ©
Arrangement(3) 0.0005 7.516 YES 7.4 c
Figure 7.3 0.001 4,322 YES 7.4 c
with Predictor-
Corrector method 0.002 2,712 YES 7.4 o]
Mathme
0.005 - Unstable 7.4 f
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the solution has to use a rclatively small step length,

(2) An improvement on the arrangement of Fig.7.1 is that
shown in Fig. 7.3 where the NIV and IV equations appear together
in the '"PLANT' block. This meoans that when the integrating rou-
tine solves the differentiel equetions at verious intermediate stages
within an interval At, the algebraic calculations for new values of

the NIV's are also performed.

In the execution of a digital computer program the Runge-Kutta
routine transfers the execution through ‘'PLANT' four times during
each interval. Since the major portion of computer time is spent
by the integration routinc going through 'YPLANT', a computation
with the same time interval would generelly increasc the CR-ratio
if the number of equations in 'PLANT! were increased. However, in
this particular example the results show that a longer interval may
be used without forfeiting accuracy, since the NIV's and IV's are

solved simultanecously within each step.

In order to establish which arrangement required less overall
computer time, the following computational test was performed using
the Kutta-Merson routine. In Fig. 7.2 Curve (c) is the accurate
numerical solution according to both arrangements, An appreciable
error shown by Curve (b) is introduced when using the arrangement
of Fige. 7.1 with a time step of 0.005 sec., whereas the error is
less than 1% when the same timo step is used in the arrangement of

Fige 7.3.

For At = 0.005 sec. the CR-ratios are 1,828 and 2,36 respectively.

However, the arrangement of Fig. 7.1 does not meetthe requirement of 1%

-
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accuracy, and At must be reduced to 0.001, for which the CR-ratio
is 4,712. The results (see Table 7.1) of various computations shouw
that the CR-ratio 1is not dircctly proportional to At, because

different parts of the program are differently related to At.

(3) Uhether Fige 7.3 gives a smaller CR-ratio than Fig.7.1
for the same accuracy, decpoends upon the number and complexity of the
differential and algebraic equetions. Depending upon the ratio of
differential to algebraic gcquations, a lower CR~ratio may hbe
achievod by the use of integrating routinces belonging to the
Predictor-Corrector class. Such a routine would solve the
cquations in  'PLANT! only ance or tuwice during esach stop, instead

of four or five times,

The Tifth order Kutta-Merson mcthod may be used as a starter
for the fifth order Predictor-Corrector method of Hamming . When
a discontinuity occors the solution is temporaril,; transferred back
to Kutta-Merson for o feow steps after which Hamming takes over again.
Table 7.1 shows the comparative results of such an arrangement.

A 4th order Runge~Kutta would not e satisfactory as a starter

for a higher order Predictor-Corrector method.

7.4 Resume of integration methods and arrcngements

The results in Table 7.1 for the micro-machine only arc
obtained from five basic differential ecquaticns of the alternator

plus two first order differential equations for the mechanical motion.

The CR-ratio® do not include compitation time and therefore
give some qualitative indication of the CR-ratio’ that could be

expected from an on-linc computation assuming that the entire program
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is not compiled before every cxecution. For an accuracy of within 1%
the minimum CR~ratio is 0.965 when using the "approximate method"

of Sect. 7.3.1. The choice betwcen arrangements (2) and (3)

depends upon the equations of the particular system and has to be
found by test runs, In the prcsent study on the micro-machine sys-

tem it is evident that (2) is faster when At = 0.605 sec.

According to the approximate method the currents and flux
linkages vary slowly in relation to the a.c. cycte while thc accurate
method shouws (see Sect. 6.2) that these quantities contain a fun-
damental frequency component. This accounts for the large difference

in the time step required for the two methods.

Curve (d) in Fig. 7.2 and Curves (&), (e) and (f) in FigQ.7.4
show how rapidly mathematical instability occurs for the higher or-

der integrating routines as At is incressed,

Further computations have shouwn that when arrangement (2) is
used to solve the complete Goldington system, ﬁhe CR-ratio is 3.5
when At = 0,005 sece, while arrangement (3) produces a CR-ratio of
4.1 when At = 0.002 sec. The fifth order Adems-Bashforth method
was also used in arrangement (3) as a starter for the Hamming method
but the CR-ratioc was higher than when using Kutta-Merson as a star-
ter. Another possible way of reducing the CR-ratio is to change
the step length during the soluticn. However the step length of
0.005 sgec. in arrangemant (2) is ~lready too largoc to permit the
drawing of a smooth 50 Hz wave and step length would have to be
decrecsed to 0.001 sec. for display purposes, in which case ar-

rangement (3) becomes more useful.

-~-000~~-
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PART THRETE

STABILITY PROBLEMS OF A SYNCHRONOUS MACHINE

WITH A DIVIDED WIWNDING ROTOR.
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CHAPTER 8

8. CALCULANIONS  OF  TRANSIENT STABILITY

8.1 Instroduction

Developments in electrical-supply systems have brought about a
change in the conditions under which genersators have to operate.
During lightly loaded conditions, the generctor often has a leading
power factor because of increased charging currents in the modern
high-voltace transmission networks, and may have to operate beyond
the normal stability limit of the conventional synchronous machine.
floreover, tha modern economic lerge turbo-generator sets have higher
reactances and less inertia so that normal stable operation in the

leading reyion is reduced.

The normal range of steble oneration of a generator with fixed
excitation is sevcerely limited at lesding current if a rcasonable
margin is allowed, but it is well known that the range can be ex-
tended, by means of an automatic voltare reculator (a.v.r.) acting
on the singlec direct-axis field \uinding3 of a machiie with a con-
ventionally wound rotor (c.w.r.). The limitations of all such systems

4
at light load however, has been oroved elsewhere .,

The use of a sccond field winding on the quadrature-axis of
the rotor, was first suggested ss a means of improving the transient
performanceag, The idea of a quadroture axis requlated (geaer.)
machine was pursuedd for steady operating conditions and a dramatic
improvement in the steady-state stability margin wes obtained uhen
a suyitable continuous feedback control signal (the rotor anole) was
used to excite the g-axis winding. Another scheme to extend the range

of steady~state stability and also to improve the transient stability,
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-
has been develoned by the C,E,G,B?, In this scheme, the ccnerator
has a 'divided winding rotor’ (d.u.r.), that is, the rotor winding

is divided into two scctions, one displaced from the other. One
section which is called a I'torque winding® and performs a similar
function to thc quadreture wirnding of Ref. 5, is excited by a feed-
back signal derived from the generator terminal load ancle. The
other section, called the var-winding or reactive-winding, is ox-
cited by a voltape regulator. In the linht of the stability limi-
tations of the c.w.r. machine, and the recent above mentioned de-
velopments of the dew.r. machine, it was decided not toc pursue the
stability studies of the former (see PART’TMU) any further but

rather to investigate the stability problems of the latter.

PART THREE of this thesis deals with the stebility problems,
steady-state and transient, of such a divided winding rotor machine.
The equations are developed, foliowing the generslized machine theory,
for the case of a ficld winding on the d-axis as well as on the
g-axis, The field windings of the d.w.r. machine are not neces-
sarily on the d and g-axes, but a transformatiom matrix is used to
replace the physical field windings by two fictitious windings, one
on each axis. The transient and steady-state performace of the
dew.r. machine is then studied by treating it as a fictitious
Ge2.Ts machine. S%eady-state stcbility computations arewmrroborated
by test results on 2 new 3 kW d.w.r. micro-machine (see Chapter 10)

at Imperial College.
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8,2 Transformations for the Field Windings

The divided winding arrangement can be accommodated in the
conventional turbogenerator-rotor slots by using, instead of the
sinqgle conventional concentric type winding, two double layer lap-
windings, Fig. 8.1 is a winding diagram the 3 kW d.w.r. micro-
machine which was designed to simulate a large d.w.r, turbo-alter-
nator., The T~-winding in Fig. B.1 1is used as the torque-winding
and R as the reactive~winding: the windings are identical and

symmetrical and the angle between thelr axes is 67.5 degrees.

A schematic layout of the d.w.r. machine zppears in Fin. 3.2.
Windings a,b,c, ars the conventional three-phase stator windings
while t and r represcent the torgue~ and reactive windings respectively.
The damping effect is represcnted by the conventional kd- and

kg-windings,

Fig. 8.3(a) shows the cquivalent generalized machine represen=-
tation of the actual ficld coils r and t. Fig. 8.3(c) shows two
fictitious field coils fd, fq which asre used in the following sec-
tions to replace mathematically coils r and t. In a general cate
where Nr # Nt’ it is possible ta use the szme base quantities for
the varicus field coils by reducing them to equivalent coils with

equal numbers of turms., In a per unit system where

NFd = qu = Wy (8.1)
only the r-coil need ke replaced by an cguivalent coil
Toq @S shown in fig. 8.3(b), such that

iqu = irN
where N = Nr/r\.‘t (8.2)
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-

Fig. 8.2 Schematic layout of divided winding rotor

genserater.



(v) (o)

Fig, 8.3 Iquivalent diagram of the’ d.w. r., field w1nd_mgs with rotating armature and stationary field.
(a) Actual field windings r and t.
(b) Actual winding t and equivalent winding r eq*
(¢) Tictitious field windings fd and fa.
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The effert of saturation is neglected in the Following trans-
formations, The sign convention is according to that of Ref.22
where positive appliasd voltage causes positive current to flow which
produces positive M.M.F. and flux linkage outwards along the coil

axis in Filg. B8.3.

8,2.1 The current transformation

le and lfq are defined as the cur-

rentsin fictitious coils, located on the ares, which would set up

The axis ficld currents

the same rotor M.M.l . wave as the actual field currents it and ir°

The maximum of the sinusoidal M.M.F. wave due to the current
it in coil t of Fig. 8.3 is proportional to it and occurs at

the axis of the coil, that is at the angular position ﬁt. The

iMefMeFo wave due to 1 may be resolved into two components,; one

t
along each of the direct =znd quadrature axes. The amplitude of the
direct-axis component is itcosjdt and the amplitude of the quadrature-

axis component is —itsinﬁt,.

The dircct-axis component of the resultant rotor M.l.F, wave
due to the combined action of the r and t-colil currents, is equal to
the amplitude of the M.M.F. wave due to the current iFd in the

direct~axis field coil., Hence ifd is given by

i

—_— 1tcosﬂt + Nircosﬁr (8.3)

Similarly the gquadrature-axis field current ifq is given by

. - - i . 3 s B.4
g 1t51n% + Nlrslnﬁr ( )

The "transformation" equations givinn the fictitious currents

in terms of the actual currents are therefore expressed by the
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—
. | .
ieg cosﬁt kcosﬂr i,
(8.5)
1eg —81nﬂt Nslnﬂr i |
The cquetions of the "inverse transformation', the
actual currents it9 in terms of the fictitious currents ifd’
ifq, are obtained by solving the above eguations.
; 81n¢r —cosﬁr .
Tt ) A trd
(8.6)
. slnﬂt costft .
T NA NA fqg
vhere A = sin(JZft + ﬂr) (8.7)
Be2.2 The voltage transformations

In the units chosen, the power dissipation of the fictitious

coils is the same as {or the actual coils. Hence

+ (8.8)

t = Vedtra ¥ Vrglrg
By substituting the expressions for the currents given by Eqgns,
(8.5) and (8.6), it can be shown that thz voltage transformation

gquations are

81nﬁr Slnﬂt ;
Ved ) NA t
= (849)
—costIr cosﬂt )
Veq ) NA r
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The cquations of the inverse transformation arc:

i
Vi cosﬂt | uSlnﬂt Vey
= (8.10)
v N cosﬁr N sinﬁr Veq

B.3 Goneral Equations for ths D,W.R. machine

The d.w.rs machine is studied by using the gencralized machine
thgory22 and taking account of the additional field winding on
the g-axis. It is assumed that there is no saturaetion. Speed
changes are allowed for in the voltege equations as well as thc

p¥ and p?q terms,

d

8.3.1 Bagic cquations

The fundamental equations for the machine only are as follouws:

vy o= de + qu + raid (8.11)
v = Vv 4+ p¥ + 1 i (8.12)
9 d q a g
Veg = (Tpgq + (Log + Leglpdipy = Logpiy + Logpipg (8.13)
Veq = (rfq + (Lmq + qu)p)ifq + Lmq.piq + Lmq.pikq (8.14)
Vg = 05 L qepio, + (rkd + p(Lmd + Lkd» ig * LnaPig (8.15)
Vig = g = (rkq + (Lmq + qu)p) ikq+ Lmq°piq + Lmq'pifq (8.16)

for the voltages, and
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¥4 = Laatea * Lnetkat Lagtd (8.17)
wq = Lmqifq + Lmqikq + quiq (8.18)
d = Ykkalkg * natrg * Lmatd (8.19)
qu = kaqikq + Lmqifq + Lmqiq (B8.20)
¥ea = Yeratra * tmatd * bmatka (8.21)
qu = Lffqifq +-Lmqiq + Lmqikq (8.22)
for the flux linkages,
while the electromagnetic torquc is given by Egn. (4.11).
If during a step of the cclculation, i etc. are obtained

fd

using the axis eguations,; they are readily transformed to ir’ it
ect. by the transformation equations and used in the reculator

equations; or vice versa,

B.3.2 Eguivalent circuits end operational impedances

Figure 8.4 shows two cguivalent circuits, one for sach axis,
wh. ch can be used to assist in the analysis of the d.w.r. synchronous
machine. The quantities in the network of [ig. 8.4(a) satisfy Egns.
(8.13), €8.15) and (8.17), and the guantities in the network of Fig.

B.4(b) satisfy Egns. (8.14), (8.16) and (8.18).

The sxpressions for VY and Wq can be written as

d
Xd(p) _ Gd(p)
X (p) G_(p)
Y =__9___i +—B‘———U (8.24)
q W q w fq
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where
(1 + T'p)(1 + Tup)X
d d d
X (P) = 1 t (8'25)
d (1 + Tdop)(l + Tdop)
(1 + T'p)(1 + Tp)X
X (p) = = 4.4 (8.26)
q (1 7o p) (1 + T p)
(L + T, .p) X
Gd(p) = (l ;1! )(lkg T ) I rmd (8.27)
doP doP £d
(L + 7T, _p) X
kg m
C (p) = - i< | (8,28)
q (1 Thp)(1+ Top) * vl

B43.3 Fundamsntal machine constants

Listed below arc some of the gencrolized machine theory ng-axis

canstants which differ from the values oiven in Ref. 22,

T! L
go wr

(qu + qu)

fq

guadrature-axls transient open-circuit time constant.

10

1 g a

1] — —
Tq T wr (qu XA X )
fFq mg a

quadrature-axis transient short-circuit time constant,

it

X X
Lo(x 4 -mafa
kg = X+ X

qo wrkq mg fq

I

quadrature-axis subtransicnt open-circuit time constant,

" 1 qu}fq%a
Tq = ( g

(A)I‘kq

3
* + X X, 7

X
ka © X Ko+ K Kl 2t

guadraturc-axis subtransient short-circuit time constant.
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kg
T = el
kg wrkq

gquadrature-axis demper lezkage time constant.

X T XX
X' = -8 _ oy _mg fg
q T! a X + X
go mq fq

guadrature-axis transient reactence

1 "
X T'T ququxkq

>
]

= X_ +

H 13 v
q01q0 a AquFq + ququ + ququ

guadrature-axis subtransient reactance.

n

8.4 Parameters of the Fictitious Field Windings

During a step of the computation, the excitation voltages V.

and vt arc transformed to UFd and qu which are substituted in

the basic machine equetions., It is therefore necessary to knouw the
numcrical values of the following fd, fg parameters which can ba
ccloulated either by transforming known r, t parameters, or from

cexperiments described in Sect. 10.1.2;

L in Egns (8.13), (8.14), (8.21) and (8.22),

F fq’ “ffq

o’ brear T

The "parameter tra~sformation® can be found by transforming the

following r, t wvoltage expressions into fd, fg cuantities:

Ur = (rr + erp)lr + NLmtrplt

(8.29)
(rt " Lttp)lt + NLmtrplr

o
I
Nt Neas” Ve N

where er, Lttis the complete22 inductance of windings r, t and

L is the mutual inductance between windings r and t.
mtr eq



Egnse €B.29) can bLe rewritten as

[V:]r,t = [er,t' [i]r,t

where the r;t-impedance matrix is

T t
rr * erp Lmtrp
[Z]r,t =
Lt P Ty o+ LyyP

The current and voltage transformation Fgns. (8.6) and (8.9) arc

used to find the

fd, fg-impedance m trix (8.,30)

fd g
Teg * LepaP 0
[Z]f\dyf\q =
g rfq + Lffq
where
. 2 . 2 2
Tegq © (r gsin ﬂt + T, 8in ﬂr)/h
2 2 2
rfq = (rreqcos ﬂt + T,C08 ﬂr)/K
Lo = (L sin?d, + L..sin’f_+ L, sin(p_ + B, ))/A°
ffd rreq t tt T mtr T t
2 2 .2
Lffq = (ereqcos g + Lygc08 ﬁr - Lmtrcos(JZ?r - ﬂt))/A
2
rreq = rr/N
L
rreq rr/N

N Mt S’ e S N N S st S Nt Nt ot S eat’ et et et o e

(8.30)

(8.31)
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8.5 tquations for a Transiegnt Disturbence

The basic system being considered is the single machine case
shown in fig. 2,1 except that the alternator is o d.w.r. mochine.
As in the analysis of the c.w.r. machine of Sect. 4.2, there is a
"standard method", an ‘“approimate method" and an “accurate method"
of solution. Only the "approximaste" and "accurate® muothods are

studicd here in detail.

8.5.1 The approximate method

The assumptions of Sect. 4.2,2 are velid and the p¥Y, and qu

d

terms are neglected.

It may bc seen from Appendix II that when the sccondary

currents i and arc eliminated From Egns. (8.17),(8.19)

fd tid

and (8.21), the flux linkage is obtained as

y y
WY, = Xi, o+ (XY - xa)(ifﬂ + gﬁg) (8.32)
fd kd

(compare Egn. (4.12)).

Similarly, if i and 1 are eliminated from EqnsfB.18),(8.20) and

fq kq
(8.22)
Yo ¥
W¥ = X"i o+ e(X" - X ) (=22 4 X£8) (8.33)
q a-q q a qu qu

(compare Egn. (4.13))

When thec "approximate mothod™ is used, the damping torque can
not be separated from the total electromagnetic torgque but is
automatically taken care of by the rate at which the secondary flux

v and ¥ are allowed to change. UWhen the

linkages wfd’ Wfq’ kd kq

140 lkq’ iey4 and lfq are climinated from

the bas.c equations (see fppendix II ), the expressions for the rates

four secondary currents



of change become. -

N AYE : U
ey e 2L L(Xd X, ) [deld . xmd&kd}
- - ' t v
fd = Vrd T (XX ) © X
"o 3
- (1 + (Xd Xa)xmd)
fd X X
kd fd
(compare Egn. (4.16))
(X"« X )X i X ¥
Y . N 1 [A q a [ mg g mq kq]
fag = . T
g fq qu (xq xa) L w xkq
- Xn o X )X
- V¥ 1 + ( = a) mgj
fg X, X J
kg fq
. . _ .
P T Xa)ig % Yal¥ea
Poa = T @ Xy " “kd
(compare €gn. (4.14))
., 3 -
v N (xq Xa)lq (x& xa)wﬁg
Pihg = 7 W * X = %kq
go fg

(compare Egne. (4.15))

The relationship between the voltzge behind subtransicent
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(B.34)

(8.35)

(8.36)

reactance and the machine terminal voltzge is (sec Sect. 4.2.2)

v = r i

mtd a d
Umtq = ralq
where VS and

+ X"i o+ yd
9 g d g
+ X"i oo+ oyt )
d'd q )
vl for a d.u.r. machine are given by:

q

(8.38)
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d q q .Y_

(‘w Yk
v = - SXBE e (XY - X J(1-8)) 7 4 =
L kq

(8.39)

Nl N N M e N

v v
W= ey ! ki
V= BXTEL - w(1-8) (XD - X_) .

(compares Ean. (4.18))

The relationship between tho terminal voltage and the infinite

bus voltage V, is given by Egns. (4,19) and (4,20) as

! - i -
mtd V2 Vg = Rig

1§

(4.19)

€ [x
<
i_l

Y72 ¥, - R, + (4.20)

thq = bg

€ Ix
<
[,_l

The step-by-step solution of a transient disturbance can be

computed as follows:-

Steady-state Conditions

From a knowledge of the active and reactive power 2t the machine
terminils, it is possible to find the bus power factor, -load angle
s s i " - -
ig lq’vq’ vy are found from Egns.
(4.19),(4.20) and (6.38). Under steady-state conditions,

and voltage. The values of

p¥ = p¥ = 0., Using Egns. (8,34) to (8.37),

_ w -
fd = Ppq ©

steady-state values of the secondary flux linkages are:-

"
Tty de(xd - Xa) 1 1 i (8.40)
fdo doVfdo * ® - X ) " X, g Ydo :

23]
i

fo (8.41)

"o X
b4 T!' v + qu(xq a) L + 1
= : T —
fqo qo fqo ) (xq xa) xkq ]
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Xé - Xa Xé - Xa
Yrgo = T g, + (T ¢ 40 (8.42)
fd
Ky - X3 X . Xa
Xs = —B————P 1 j————— el
quo ( © )lqo + qu )Wfqo (8.43)

In Eqn. (8.39), Wkd and qu are replaced by their valucs from

Fqns. (8.42) and (8.43). va and vg known and the slip is zero

before the disturbance., This leaves V¥ and VY ase -~
fdo fgqo
I, (g - X)Xy = X )iy
\ ! 1
de qu + Xkd }
Yedo T T (X1 = %) (8.44)
w( X" - X ) [l + ————————-]
d a Xkd
AM o X 1oL X )i
X N ( a)( q '0) g
v fog | qu
fao = I Xa) : (8.45)
m(X"-X)[l R ]
q a qu

The values of ¥, = and Yqo are found from Egns. (8.31) and

(8.32) and Egn. (4.11) is used to compute the electrical torque.

The steady-statc values of de and qu are found from Egns.
(8.40) and (8.41):
(i - %X (Xt = %)
= Y - a
Vedo = Yrdo T do (?, —2 )gd (1+ —S—2")/1 (8.46)
L *d a kd
'(xg - xa)xnlg (X' - X_)
= - 1 = ' la
Vrgo Wfqo ‘30 (Xé - Xa)w (1 + qu )/TQO (8.47)

The transformation Egns. (8.10) are used to find Vio and Viog®

Transient conditions

After a disturbance to the system, the flux linkages Wfd’ Wkd’

- 1 ~ 7 s
Wfq and qu, the voltages vy and vq and the speed v are
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all assumed constant for the first step of the calculation,. The
change in transmission line impadance is introduced into Eqns. (4.19)
and (4.20) which, together with FEgn. (8.38), are used tao find the
new values of id and iqu Necw values for Wd and Yq are found
and used with id and iq to compute the electrical torque,

The acceloretion and changein load angle are computed for the
period At while the time rates of change of seccondary flux linkages
given by Eans. (8.34) to (8.37) are used to find the now values

of ¥ v and Y after a time At, These new flux linkages

Fd? trg? fq kq

are then used in Eqn. (8.39) to find the new vé and vs and the

whole prociss is repeated for the next interval,.

This method of step~by-step computation agrecs with thet
described in Ref. 33 except for the additional equations of the

fq coil,

8.5.2 The accurate mcthod

As in Scct. 4.2.3, this method includes the de and qu terms
and the terms uwhich allow for the tronsmission linc and transformer

inductive volt drop aftcer a sudden change.

Expressions for pY¥ and p?q are found by differentiating

d
Egnss (B.32) and (8.33) and used to obtain first order differential

equations (8.48) for the primary currents id’ iq and sccondary flux

b3 and Y as shown in Appendix III.

Wkd’ fg kq

linkages VY,
we fO’



_-pl;_ -ﬁal va, ag va, ag vag a7Ubd ag 6—- '“id )
plq vbl b2 vb3 b4 b5 b6 b7qu 0 bg lq
prd 1 0 Cn 0 Cg a 0 1 0 wfd
pWFq ) 0 d2 0 d4 0 d6 0 0 1 Wfq
kad e ] es 0 eg 8] g 0 0 Wkd
kaq 1] Fp O f4 0 fG 8] 0 0 qu
B 1
Ved
| "ra_]
(B.48)

The voltage expressions for the interconnection tie-line are:

- - .-X_ 3 - 3 - B— !
thd v2 qu pi, Rld VJ.q (4.24)
= - '\/-2 - .2(.. 1 2(.. 3
Umtq qu " plq + vig (4.25)
P ] - {
where Ubd = Ub51n6 and qu_ Lbcosé

A step-by-step computation which uses the above equations is

described in Sect. 4.2.3.

8.6 Calculated Results of a Fault on a Large System

In order to verify the validity of the theory and transforma.-
tions derived in the earlier parts of this chapter, it was nec-
cessary to compare the calculations with test results. However, no
test results on a large practical d.w.r.. machine were available.

A micro-machine with a divided winding, described in Chapter 10, was
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available but could not be used for the present purpose because the
existing t.c.r. was too slow in its action (see Sect.6.3). The
verification had to be done by using the analogue computer results5

of a hypothetical 30 MW d.w.r. system shown in Fig. 8,5.

8.6.1 System details

The hypothetical 30 MW system includes & governor and turbine,
transformer and transmission line similar to the 30 MU c.u.r. system
in Sect. 5.,2. Table 8.1 shows the physical parameters together with
the fictitious machine parameters calculated from the transformation

in Sect. 8.4 and sxpressions in Sect. 8.3.3.

The main feature of the d.w.r. control is that the torque
winding has a closed-loop rotor angle control, adjusted so that the
reactive winding generates no torque ideally. The angle control is
an essential part of the scheme and all the other features depend

on it.

In Fig. 8.6 the terminal rotor angle 6t is derived from a
phase-sensitive detector which measures the phase relationship of
the generator terminal voltahe to the output of a tacho-generator
on the turbo-generator shaft, The form of the rotor angle coentrol

after the error-sensing or comparator stage is similar to that of

the conventional voltage regulator of Secte 5.2.2.

The angle regulator equations are as follows in degrees,

voXYts and seconds:

Power~bias filter

p
n
. D 8.
Pe L+ 7p (8.49)
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Table 8,1

Generator and system data

140

For base

armature values sec Table 5.15

Base r~- and t-current
Base r~ and t-voltage

Base r- and t-impedance

Mutual reactance

mr’? xmt

Reactive-torque winding X

r, t-axis X

trm

L cakage reactance

X
a

Xr’ Xt

kd? “kgq

\
N

Transformer

Reactance Xl

Rasistance Rl

Transmission line

Reactance X2
Resistance RZ

Governor gain Gl

Calculated fictitious values

it
Xy

x‘

422.6/V2 A
88.63/V2 kv
209.7 ohm

1.79 p.ue
1.00 p.u.

0.14 p.us
Uqu PelUe
0.04 Pels

0.1154 paeu.
0.0044 p.u.

0.333 poUa
0.1215 p.us
0.000472

0.171 paue.
06270 pa.Us
6.58 SEC.
0.889 sec.
0.027 =sec.
0.1757 peu.
0,472 p.U.
2.6 sec.
0.69 sece.
0.035 sec.
0.42 p.ue.
0.14 p.u.
0,00245 p.u.

0,000975 p.u.




Table 8.2 Control system data

Common data

~
g
ms as

G
es

o
X
]
w

3
-

m2

ml
me

€ 0O 60O a4 4 a4 a4

x

Voltage regulator

G
Vs

Kml
m2
m2 max
m2 min

X max

< = @ X

X min

Angle requlator

2 max
2 min
2 max

e min

8.0135
0.00525
0.044 sec.
0,1 sec,
0.2 sec.
0.1 sec.
2.0 sec,
82

12.2

2,65

0.0080795
56.6 V

- 278.7 V
45.7 V
0.0 V

131 Vv

- 131 Vv

28,1 V
- 17,45 V
131 ¥

0V

0.0417
2.41 x 107

7.0 sec.

9

v/Mu

150



Comparator

) + G_P

By = Ge(ét - b f

éref‘

first magnetic amplificr

Gml
E2 1. Tmlp (El * Eas * Ees)

E2 min SZEZ §¢E2 max

Second magnetic amplifier

Ee = 3 +mi Es
m2p
e min i‘Ee S;Ee max

Exciter and Rectificrs

G
X

t 1 + TXD e

Amplifier stabilizer

-G T p

. as as
£ - ——————— [
as P +1_p e

as

Exciter stabilizer

-0 p
88 ©8
E = Y)
cs l+1_p t
28

Steady-stote initial conditions
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(8.50)

(8.51)

(8.52)

(8.53)

(B8.54)

(8.55)

The steady-state values of the rcgulator variables arc found

from the following cxpressions:
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G )
. b
Srer = (Ut * P G, - Vto/(GerdGmleZ)) g
)
E = E = 0 )
esn asa )
) (
_ 8.56)
Eeo - Uto/Gx g
- )
Eog = Eeo/GmZ )
)
1o = Eou/Br ;
Vego and quo are found from Eqns. (B.46) and (8.47) and used in

the transformation Egn. (8.10) to calculate vto for the angle regu-

lator and ‘JrD for the voltazge regulator.

The same automatic voltage regulator of Sect. 5.2 is used, but
the amplifier limits are different so that excitation current can
flow in either direction. The values of voltage - and anaole regulator

parameters appear in Tables 5.2 and 8,2

Beba42 Results for & threec~phase short~circuit

In this section digital computations zre made and compared for
a three-phase fault, using the "appraoximate method" and the "accurate
method" described in Section B,5. The calculations do not allow
for saturation., Further caomputations are made for different con-
ditions on the same system. Particular emphasis is placed on the
initial period to determine the effect of a ‘'back swing™ in the

rotor angle (Sect. 6,2.3)



The initial conditions for the results in Fig. 8.7, appear in

Table 8.3,

Table 8,3 Steady state initial conditions

t mt b ‘& r t

Pels Dale Dolde Pals peu, |deg, dage. A "R

0.8 ~-e225 0.963 | 0.8B63 1.044 30 52.65 |-90,3 | 421.4

De2 -.225 0.963 | 0,313 1.049 30 36.7 75,9

!
pet
(-]

~

In figs 8.7 (a) the results calculated by the approximate- and
accurate methods agree closely enouch for a single curve to be
draun except where the accurate method gives 50 Hz oscillations,
However, sime of the results are repested in Figs.B8.7{(b) and (c)
which eclearly show the error introduced by the ap roximate method.
The results are similar to that shown in Sect. 6.2 fOT & CuW.T,
machine. There is no clear back swing, although the rotor angle
remains constant for about 50 milli-seconds. Moreover the effect
seams less severe on the rest of the system perhaps because the rotor
angle i1s being controlled. In general the results of Fig., 8.7 agree
with those of Ref. 5, the main source of error being the neglect in

saturation.

The curves for the two field currents It and Ir (see Fig. 8.7(c))
show a phase difference of 60° which is also the angle between the
axes of the two field windings on the rotor. This supports the
statement in Sect. 4.1, that "after a short-circuit the flux
wave represented by Yd and Yq remains as a flux wave staticnary with
respect to the armature®. The voltages induced in the field windings

and the consequent currents are therefore of fundamental frequency.
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The torque winding guantities are ahead in time because the torcgue
winding axis is ahead of the reactive winding axis (see Fig. 8.2).
in the direction of rotation. During the fault the approximate
method gives values of field current which agree very closely with

the mean value of the field current envelope.

Figure 8.8 shaws calculated curves similar to those of [iu. 8.7
but for the case of 0.2 p.u. active power. The initial conditions
are listed in Tahle 8.3. The clear back swing for = lower active

power confirms the earlier raesults of the c.w.r, system.

The results of this section show that the transient response
of a dews.r. system can be studied by replacing the two actual coils
r, t by twec fictitious coils fd, fg. It also shows that the dis-
crepancies which arise between the accurate method and approximate

method are similar to those of a c.w.r., system.

—--000---
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CHAPTLR 9

9. STEADY-STATE STACILITY THEORY OF D.W.R. REGULATION

9.1 General

Reference 4 showed that the steady-state stability of an alter-
nator can be improved by using a suitable feedback signal +to con-
trol the excitation of a field winding on the g-axis when the ex-
citation of the d-axis field winding is adjustable but unregulated,
It also showed that the g-axis field controls the active power and
the d~axis field controls the reactive power., The eguations for
a machine with a field winding on each axis were linearized for
smell disturbances and the Nyquist criterion was used to cal=-
culate stability limits which were verified by experimental re-
sults, Different feedback signals and requlators were used, The
calculated results showed the effect of neglecting saturation and

armature resistance.

This Chapter uses the field transformation equations of

Sect. 8.2 in conjunction with the linearized equ-ticns in Ref. 4
to develop the open loop transfer function of a dew.r. machine
with a voltage regulator controlling the reactive winding exci-
tation and an angle regulator controlling the torque winding exci-
tation. The Nyquist criterion is used to study the steady state
stability of such a d.w.r. system, Houwever, as an intermediate
stage the stability is investigated firstly for an angle regulator
on the torque windingwhilo the reactive winding excitation is ad-
justable but unreculated, and this is referred to s an "anaole re-

gulator only"; and secondly, a voltare regulator on the reactive

winding while the torgue winding excitation is adjustable but
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unregulated, and this is referred to as a "voltage regulator only".
The angle feedback tries to kecp the rotor at a fixed aengle; refers~
red to as the "reference angle" with reference to the infinite bus

or the terminal veoltage, The value of the "reference angle"” can be
changed by the angle regulator. Stability calculations are made to
show the effect of different values of reference angle as well as
different values of tie-line reactance. The combined operation of

an angle- and a voltage requlator is then investigeted with particular

intcrust . in the influence of the regulators upon one another.

The dewer, excitation control system shown in Fig. 9.1 can
be represented by the block diagram for small dscillations in Fig.5.2,
The input guantities in Fig. 9.2 are the torque and reactive winding
excitation voltages and thc trensformed output quantities are tor-
minal voltage v

and rotor angle 6 feedback derived from Vint and

mt t°

5t arc uscd to regulate the sxcitation. For conveniencc Vit is taken
as the valuw after the roctifier conversion. The system in fig. 9.2
can however be reerranged in a more suitable form as shown in Fig,
9.3 whcere the input quantities are Vey and qu while the ~ physical
excitation voltages and ficld transformations are trcatod as part of

the fcoedback loopse.

9.2 S5System Eguations

All quantitics are cxpressed in por unit., The lincariscd system
equations around the peoint of cquilibrium give tho operational
relations, i.cs,; the transfer functions between tho input and output
quantitics, Using such relations thc multifeedbacks are rcduccd to
an cguivalent single loop configuration and the system is analysed

with the aid of conventienal control systems theory.
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9.2.1 The machine equations

The principle assumptions in thc mathcematicel deveclopmont ares
no saturation, sinusoidal airgap fluxues and no slot effects. Also,
since the freguency of oscillations in the system is quite low,

the froecguency dupondant terms pV p?q and pd in thc armaturc voltage

d!
vquations are justifiably neglecteds. For the purposce of the analyses
and subscquent calculation, the oxternal tic-1ine reactance XC is
lumped with the machine's armaturc leakage rcactance and the modified
alternator is studiced. The input transformatian eguation (9,1) for

small perturbations is obtained from the linearized machine

equations, (sce Appendix IV.).

Gd(P).Ade Ald

m

AT - [E(p)] Ab (9.1)

G A Aj
q(P)+BVeq *q

and
-Xd(p) Vbdo Ta

[ete)] = |-dviuo + matuo| ~(8, + 3%) |Bvco * Taigo (3.2)
~Ta Vbao -Xq(P)

where tho suffix o denotes the steady state conditions, and

= - 9.
o Ubdolqo quoldo (9.3)

which is the reactive powcr at the infinite bus.
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Thers are three basic output guantities Aid, A5 and Aiq
and in general, three input guantities Avfd,ATm and Aufq. In-
version of the matrix (9.2) gives operational relatione from Egn,

(9.1) between the output and the input quantities as

_r Ba1(P) | By (p) | By (p) Aoy | “Ved
86 |= 18,,(p) | B(p) | Byy(p) aT | = Ea(pﬂ AT | (9.4)
Aiq de(p) BtS(p) | Bq3(p) Aufq Aufq
where
Gy(p) 0 0
@(pﬂ:: F(p)]-l a 1 a (9.5)
o o | Gq(p)

The elements of the input transformation matrix ($.5) are

given by the following expressions

350(P) = (Xg(e)(a, + 3p%) w D=2 v 1 )6, (p)/0(p)
Bup(P) = (=X PV o v 2 (2X (p)Ty - v )+ o2 2T ) 6 (p)/D(p)Z

- (20 1o G+ 397006, (p)/D(p)

BdB(p) = (v bgo do

bdoquo
By () = (X (P yg = £V )/V2D(p)
Bo(R) = (Xy(p)x (p) + £2)/0(p)

Bog(P) = (—Xd(p)quo -raubdo)/VED(p)

B (R) = (Vpy Voo + o (8, + 3% = 2u T ))6 (p)/D(p)
Boo(P) = (Xg(PI o = £ (2X,(p)T o+ V| 0w w221 )6 (p)/D(p)E
Baa(P) = (Xy(p)(ay + 370w v2 - 2 v 1 36 (5)/0(R)

(9.8)



vhere

2
bgo

D(p) = Xq(p)xq(p) [QO « 32 v Yq(p) + UEdOYd(p)

- 2r_(V vo(p) + v, T, Y (p))

bquqo q
2 2
- ra(ubdoIqo - Vbqudo - Jp )Yd(p)Yq(p)}

xd(p)xq(p)D%p) (9.7)

while Gd(p) and Gq(p) are given by Eqns. (8.27) and (8,28)

If it is assumed that Tm is constant, the general input

transformation equation (9.4) reduces to

Ald Bdl Bql Avfd
Ab = Bd2 Bq2 Aqu (9.8)
Alq de qu

which is the input tresnsformation relation for the system in Fig.9.3.

9.2.2 Expressions for the feedback guantities

The foodhack signals or transformed output quantities are
definite functions of the three basic alternator output quantities,
The small changes of terminal volta.e and rotor angle are related to

the basic output gquantities as follows

by, o= A(p)ebiy + Ay (p)ebb & A3(p).Aiq (9.9)

Aﬁt = Ai(p).Aid + Aé(p).Ab + Aé(p).Alq (9.10)

The following expressions for A(p) arc the same as fOT 8 C.WeT

system with voltage feedback becsuse they are not affected by the



angle feedback signal in the d.w.r.

—_ Vv
Al(p) - (Ido"c

- quo)XcRe/Umto

167

system;

)
)
Ay(p) =—V§prCRG/umtD ) (9,11)
)
AS(D) =-(Ubdo * IquC)XCRe/tho 3
The expressions of A'(p) derived in Appendix V, are
X Vntdo )
At(p) = 5 )
Y2\ )
mto )
v, v PRTRRY v2 . o X )
, bgo mtgo bdo mtdo b o'c )
AY(p) = : (9.12)
2 V2 2 )
mto mto )
)
XV
c_mtqo
Ay(p) = ——Smtas )
mto )
In these equations
po = UmdoIdo * quoIqo g
)
Umtdo = Vpao * Iqoxc )
)
- _ 9,13
Umtqo quo Idoxc g ( )
. )
UbdD = Ubslr\f)o )
)
quo = choséo ;
R, = rectifier constant. )

The values of Aufd

the voltagaaAvr and AUt
(8.9) as

Buey Mot

and Aufq

in Egn. (9,.8) are found from

and the field voltage transformation

md;}

Av

AvﬁﬂJ Mqt

!
x|

Av
T

(9.14)
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where

sin @
lgg = 2 * g
. )

. _ sin f#
“dr' ANt %

M . =Cos ﬂr ) (9.15)

gt = A )
)
m . Los d, )
gar = AN )

From Egns. (9.8),(9.9),(9.10) and (9.14), it can be shown that if

the armature and tie-~line resistances are neglected,

' ]
Avmt El]_(p) Elz(p) AVI‘
= —— (9.16)
Aoy E21(P) E22(P) Avg
where
3 3
<" A
Ey1(R) =My, > A (P)By (p) + M >R (p)B (p)
n=1 n=1l
R X 2 2
=“U§"EET"7 [[ =G, + X (P) + VoWV ka0
mto P
* poubdoxq(p) - Ubdoubqovmtdo] Gd(p)mdr
* [(- quovbdoumtqo - poquoxd(p)
2 .
- thdo((QD + 3pT)X(p) + Vbdo)J Gq(p)mqr} (9.17)
3 3
A <
- 9.
E,o(p) = mdtﬁ%fn(p)sdn(p> * Mqtiffn(p)Bqn(p) (9.18)



3 3

- _ . b
E,(p) = My %?lR%(p)Bdn(p) + qu,i%lA;(p)B

qnP)

X

it

c - 2 2
.\/,Z_.Vzt D(p) [L (" (QD + Jp )Xq(P) + UDQO)thdo
s}

m

- VpaoXg (P + =)

x; <
o IU N

v

+

bdoquovmtqq] Gd(p)mdr

* [' VodaVbgoVmtdo * VpgqoXa(P)(O  +

<
xX{o M
0
~—

+

((a, + 3p2)xd(p) + Uﬁdo)vmtqo'] Gq(p)m] (9.19)

3 3
Ep(p) = My, E?;“é(”)Bdn(”’ £ My gilAé(P)Bqn(p) (9.20)

The two regulator output voltages are

AVro = Hr(p)' A\"mt %
) (9.21)
AVtO = Ht(p) a Abt )
which can beo combined with equation (9.16) to show that
Av_ H (p)E;; (R) . (p)E;,(p) Ay
- ) (9.22)
Bv, He(p)Ey  (p) Ho(P)E,,(p) | | Ay,

which can be used to find the stable operating region of the system

in Fig. 9.3,

During the rest of this chaptur it is assumed that the armature

and tie-line resistance effect can be neglected.
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9.2,3 The open-loop transfer function

The stebility of the dewe.r. system in Fig. 9.3 can be studied
by meane of the Nyquist criterion when one of the feedback-loops
is regarded as open while the other is left closed and roegardoud 2s
part of the forward-loop. During steady-state operstion at the

point of eguilibrium the reference voltages v and Vog do not

ti

change, so that

Auti = Auri = 0

If the angle feedback-loop is considered open at 'A' (see

Figs 9.3) while the voltage feedback-loop remains closed, then

Av_ = - Dy (9.23)
ro T

and if this value for Auro is roplaced in Egn. (9.22), it is found

that

E ,(p)H_(p)
Tl s, (eH (p) By (9.24)

Av_ =
T

Hence the open-loop transfer function is

Av, r E21(p)E12(D)Hr(p) J (5.25)

m, = F (p) = H.(p) LEQQ(p) T o1+ £, (pIH(p)

Similarly, the voltage feedback loop can be considered open

at 'B' (see Fig. ¢¥.3) while the angle feedback loop remains closed.

Now AvtD = Avt and

by Eyy(P)E;,(p)HL(R)
Aui FI‘(p) = Hr(P) [Ell(p) + 1 - Ezz(p)Ht(p) ] (9026)
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The regulator transfer functions are

H.(p)

Ko (a ratio of polynomials in p)

(9.,27)

e e N s

Ht(p) Ky (a ratio of polynomials in p)

uvhere Kr is the voltage regulator gain and Kt is the angle regu-

lator gain (see Figs.l0.9 and 10.10).

9.3 The Eguilibrium Diagrams

For any possii.le operating condition, that is, any point on the
active-power/reactive~-pouer chart (P - Q chart) in Fig. 9.11 , a
phasor diagram, referred to as an 'equilibrium diagram', can bs draun,
but the system may or may not be stable. The distinction betuween
equilibrium and stability is important in any control system. The
phasor diagram tells nothing about the stability, which must be
determined by one of the stability criteris of control-system
theory. If, however, the system is in fect stable, the eguilibrium
diagram is useful in indicating relations betwsen variables as the

operating condition changes.

Figure 9.4(a) is the conventional phasor diagram for a Cc.w.T.
generator operating at a lagging power factor, with oxcitation on
the direct axis. For equilibrium, the rotor angle & must be such
that the diagram can close, and &6 therefore varies as the current
phasor changes. With fixed excitation, the system becomes unstable
if © exceeds about 900, but phasor dirgrams can still be drauwn
for larger angles, and stability can often be maintained by using
an appropriate regulator.

Figure 9,4(b) shows the phasor diagram for the same operating

-

condition when the machine has a torque winding control which holds &
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at a constant velue with referencc to the infinite bus voltage.
Figure 9.4(c) shous the resultant armature current I, the power

component Ip in phase with V and the reactive component IV at

b?
right angles to Ub.

From Fig. S.4(b)

UOd = UbSlﬂb - Iqu (9.28)
VOQ = VbC086 + IdXd (9.29)
where Xd and Xq include the tie~line reactance,.

The voltage UD in a dew.r. machinu, consists of two com-
ponents, namely qu which depends on the fictitious direct-axis

field current I and V which depends on the fictitious

fd? od

guadrature axis field current Ifq9 as follows:

de
0qg ) fid
X
~ng
od 5 fq

]

v

The field transformation Egn. (B8.5) is used to find that vod and

Voq depend on the physical field currents as follous:
de )
= 9,30
Voq = = (Itcosﬂt +NIrcosﬂr) (
Xmg (I sing, +NI_sinfd )
Vo= t t r r (9.31)
od V3

If armature and tie-line losses are neglected; the machine's

electrical torgque is cqual to the pouer PD at the infinite bus,
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Now
Py = VI
and QO = UbI
also Ip = I sind + chosé (9.32)
-I,= - Idc056 + Iqsiné (9.33)

The expressions for I .,sind, I cosd, Iqsiné and chosb, in

d d

terms of the actual field currcnts can be found from Egns. (9.28)

to (9.31) and substituted in Eqns. (9.32) and (9.33) to show that

L]
i

It(Kd51n6 cosﬁt + chosé sznﬂt)+NI (K ,sind cosﬁr

T d

<

. b . - -
- chosb sznﬁr) -3 sanO(Yd - Yq) (9,34)

and IV = - It(Kq51n6 51nﬁt - chosé cosﬂt)

+NIr(quln6 slnﬁr + K, o080 cosﬁr)

. 2. 2
- Vb(quln 6 + chos &) (9.35)
where
de
Kd = ?:—— [
2Xd
X
K = 19
d v2x
q

Assuming that & is held constant et a reference valuc egual

to the angle ﬂr between the r-winding and the d-axis, and that

the machine has zero saliency, so that Kd = Kq = K, and

Y, = Yq = Y, Egns, (9.34) and (9.35) become
1, = I sin(f#_ + #,) (9.36)
I, = KI,cos(f_+ f,) +nKI - VY (9.37)
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Hence, the active power PO = Upr is controlled only by the
current It in the 'torgue winding', while the reactive pouwer
DD = - UbIU is controlled by both field currents. With zero
excitation in both field windings OO = - UEY° These results are

only obtained because there is an independent control holding &

gqual to ﬁr and salso because therc is zero saliency

Fig. 9.4(d) shows the relationship between ficld currents and

the components of armature current. Now

LR = Ip,
oL = KIt,
OR =

1ysin(g, + B,)

MN

i

K(IrN+ It51n(ﬂr + ﬂt)),
At any opereting condition therefore,

KI, = 0L

it

NKI MN - OR,
r

The conditions are somewhat modified whon the genecrator angle
6t is used a- a fecdtack signal, since & is not held exactly ecgual
to the reference value ﬂr, although it is still approximately true

that only the torque winding controls the active pouer.

9.4 Steady-state Stability of & D,W.R. FMicro-machine

The stability of the d.w.r. micro-machine system in Fig. 9,3
(sec also Fig. 10.1) is studied by applying Nyquist's criterion to
the oéen-loop frequency response to determine the stability of the
closaed~loop. The closed-loop system is stable if its open-loop

responsc locus cncloses the (-1,0) point in the complex plane
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counter clockuise a number of times cgqual to the unstable poles

of the open-locp transfer function.

The open-loop responsc locus deponds on the pains of the twe
regulacors and on the steady state operating condition determined
by the machine tcrminal voltcge. £gn. {9.25) can be used to find

the limiting K

t for a given valuc of Kr’ activo pouwer PO and

reactive power QU, and curves relating Kt to Qc at the stability
limit can be obtained for different values of PD and Kr' Egn,
(9.26) can likcuwise be used to find the limiting K. for a given
value aof Kt and similar sets of stability limit curves are obtained.

However, the two groups of curves give the same information and

for the purpos: of this thesis it was decided to use Egn. (9.25),

The micro machineg has two idendical field windings ¢ and t,

and

Nt = Nr

%o
=
1}
-

wo

gt = g g . A = 2sinffcosf;
so that the elements in the voltase transformation matrix (9.14)
reduce to

1
Mdt = mdr ~ 2cosfl

(9.38)

f L

—Mqt qr 2sinf

This section is devoted to a2 steady-state stability study of
the following combinations of reculators and some useful analytical

expressions are derived where possible-

1. A proportionate bus ‘“angle regulator only". Computations
are made to show that the maximum negative reactive absorption

dependson the value of the "rcference angle" (see Sect, 9.1),
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2. A proportionate terminzsl anglec regulator only. Computations
are made, as in (1) above, to show the effect of different values
for the reference angle, and also that the stability limit is

least sensitive to cheanges 1in PO when the reference angle is cqual

to the angle ﬂr.

3e A proportionate "voltage raegulator only" to show that, although
tho torgque winding has a fixed excitation, the system is controlled

in the same way as a volt-ve rcqulator controls a c.w.t. machine.

4. A proportionate angle revulator and a proportionate voltage
reogulator.

Se A derivative angle reoulator, with proportionate terms plus
first- and second derivative terms, and a proportionate voltags

rogulator. The importance of time delays in the regulators are

examined.,

9.4.1 Proportionate bus angle rcgqulator only

Consider the case of the divided winding control system in
Fig. 9.2 with the torque winding excitation regulated by a bus
angle signal while the reactive winding excitation is adjustable
but unregulated, i.e., bus "angle feedback only" (see Sect.9.1). The

voltage regulator transfer function Hr(p) is zera and

ni(p) =0 g
Aé(p) =1 g (9.39)
At(p) = O g
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Hencr, the transfer function becaomos

(o) = £M£pr)vbd Gulp)iyy + : (p)Z ofq (p)mqt;H £(p) (9.40)
- %y (edx () [ay + 37w Vi Y (p) + Vg Y ()]

= VoaoMatXnaYalt + pT )t (p)

erd(l + pTd)D'(p)

qunmthmq q(1 + PT) )Ht(p)

Jirfq(l + pT(L + pT)D(p)

(9.41)

For a given value of QO the transfer function given by Egn.(9.40)
does not contain the active power PO, hence the same result is ob-

tained at any power levoel.

A Nyquist plot of Ft(jw) where w is the small oscillation
frequency, is used to determine the maximum and minimum stable
values of the gain K as s function of Q . The value of K .

t 0 t min
required to stabilize the otherwise unstable system is given when

the zero frequency point of Ft(jw) crosses the (0, -1) point in

the complex plane.

Therefore, @ at K, . can be obtained from Egn. (9.41)
o £ min
by putting
p=Jju=2~0

and Real(Ft(U))= -1

So that
. - Xnq a gt bgo  *md'dVtdo’ dt ‘
° | Vi Vi t min
Fq Fd |
-v: oy vty (9.42)

bgo g bdo d
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or
/5 2 y2
K = _f_fsggf.yQQOYq47 Ybdo"a (9.4%)
t min quYquqOth i devdvbdomdt
Teq Trd

Thus the minimum gain is proportional to the amount by which the

. R 2 2
reactive compensation (-QO) cxceeds-(quDYq + UdeYd)

The maximum gain K is reached when the Nyquist locus

t max
of Ft(jw) reaches the (0,-1) point. To satisfy this condition the
imaginary part of Ft(jw) must be zero and the real part equal to -1,
Equating the imaginary part to zero also yields the natural mode

of oscillation at a fregquency W e However, the expression caon-

taining W is of sixth order and is cumbersome to solvg.

Egqn. (9,42) shows that the relation betwecn & and K .
o t min

dopends on V and V which are functions of the reference
bdo bgo

angle b Results of calculations to find the value of © for maximum
negative reactive absorption, arc given in the rcst of this section,

It is seen that this value does not equal ﬂr {(see Sect. 9.3) and

that the reactive winding current effects the active power.

9.4.,1.1 Bus angle & held at 33,75°

If the "reference angle" is chosen as 33.75° it means that
the axis of the r windiné coincides with the resultant air-gap
MefoF o The M.M.F. determines the flux and hence corresponds to the
infinite bus voltage if leakare recactance and tie-line impedance are

neglected (see Figs. 9.7(a) and 9.4(d)).

The numerical values of the system paremeters are substituted

in Egn. (9.40) and the Nyquist loci of Ft(jw) arc calculated by a
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and K are obtaincd

digits T > valuc .
igitel computer The values of Kt min t max

for various valuss of QD and Fig. 9.5 shows the statility limit

curves for the system doscribed by Cgn. (9,40).

The ragion AB is defined by Ki mip 10 Ean. (9.43) and
corresponds to the zero frequency point on the Nyquist plot. The
rigion OC for the ideal angle device and no demping is defined

by obtained when Ft(jwn) goes through the (0, 1) point

t max’
on the Nyquist plot., If a lincar scale was used for Kt the region
A 2 & ai ing. . i iLi ;

8 would be straight line For Kt <:Kt min’ instability is of
the drifting type because it is ascsociated with zero frequency;

whereas at a gain Kt:>Kt max’ instability is oscillatory with a

natural frequency W e

When the practical angle device with {ilter time delays is
considercd as part of the transfcr function, tho high gain limiting
curve BC without damping in Fig. 9.5, is shifted to DC becausc the
delays add to thoe total system phase shift and at a particular

frequency the gain margin is reduced.

The curve DE was celculated with damping while FG allows for

an external time delay T, of 0.5 scconds (sec Sect., 10.4.1).

9.4,1.2 Bus angle & held at 0°

If the “"reference angle" is chosen so that the d-axis (the
mid-point between T and t windings) coincides with the resultant

air-ga MeMaFay, (sec Fig. 9.7(b)), then &6 = 0, V = G and
p

bdo

v = V Under these conditions for the idceal angle device,

bgo b*
Egne (9.43) becomes
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(a) "6 = 66.25°

[
(o]
(£}

(a) & = 33.75°

Fig., 9.7 Schematic diagrams showing various reference angles, .
¥
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ey 2
2(&O + quOYq)rfq

X M, _¥Ymnm

mg bgo g gt

Kt min = (9.44)

when damping is neglected and the time delay is zero. Furthermore,

the natural frequency is

2 \
v
v = S Yy (9.45)
n 3
and
YZv, (Y!' - ¥
K = - b% = "a)¥rq (9.46)
t max Y M ¢

X
g gt mq

Egn. (9.46) there ore shows that, subject to the assumptions
madey,; the maximum gain is 2 constsnt value at all values of active

and reactive power.

The maximum stcady state reactive absorption limit is reached

when Ki min = K& max® 2nd Eans. (9.44) and (9.46) yield
a = - \/2Y'
o0 max b g
This liwiting point on Curve (1) in Fig. 9.6 is marked at
QO = =~ l.48 p.u., However, the effcct of damping and the delays of

tho practical angle device decrease this maximum to - 1.4 p.u.

5.4,1,3 Bus angle & held at 66.25°

If the refercence angle is 66.250, the resultant airgap M.M.F.
is displaced by about 90° from the axis of the torque winding
as secn in Fig, 9.7(d). The stability limit for this condition is

found from Egqn.(9.41) and shown by Curve (3) in Fig, 9.6.
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9.4.,1.4 Bus angle & held at 9p”

The reference angle can also be held at 90 as in Fige 947(c).
The transfer functiocn is given by Eqn. (9.41) while the minimum gain
is
w/'z'(cyD + VtZ)Yd)rfd

K. . = - (9.47)
t min deYdmedt
and the maximum gain is
, Y2V, (Y', - Y )r
b [a] d’~fd
K¢ max = - Y M, X (5.48)
d dt’ md

Equations (9.47) and (9.48) yicld the maximum recactive absorption

as

This 1limiting point is shown on Curve (4) in Fig. 9.6 as
- 2,07 pau., but the damping effect and practical angle device reduce

it tO _1596 p.U.

The roles of the d and g-axes are therefore reverscd compared

with a refercence angle of zero as in Sect. 9.4.1.2,

9.4.2 Proportionate terminal angle requlator only

For the case of terminal "ancle fecdback only" the value
of Aé(p) is given by Eqn, (9.12) and the expression for E22(p) is
given by Egne. (9.20). The open=-loop transfer function given by

Eqne. (9.28) becomes
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X H, (p) 2
Ft(D) = ¢:$§Em*"~— (- QD mtdo Ubdo(qo * vbYc)
1 4
2v D (p)
KngYa (P Iy g
- chq(p)quopo’ r
fd
+ (Q_ v + V (9. + U2Y )
o mfqo bgo' o b'e
Xm Y M t
+ xcvd(p)ubd0p0)~—5;5—5— (9.49)
fqg
_ V3 2 2
K¢ min = V200, + Ybgo'q * Vo /P
2
X X ¥ (-0Q.V -V Q V'Y )=X Y V p o)X .y nm
uhere B = ¢ md ( o mtdo bdo( o " 'b C) ¢ g bgo o) md d dt
2
TeaVme
2
+(Q0thqo * Vbqo(uu * Ubyc) * XCYdUdePD)quYqﬁqt
T V2
fg mt

(9.50)

Hence when bt is used as thc angle fecdback signal, it is no

longer true that Ft(p), and hence the limiting gain, is independent
of PD. At zero load the function Ft(p) in Egn. (9.49) is similar
to that of Egqn. (9.40) but contains additional factors;

Ki min 8 given by Eqn. (9.41), so that the curve AB in Fig. 9,5
is also valid for the terminal angle feedback at zero load. Further-

mOTEC, also depends on the refercnce angle bt and the

Kt min
tie-line recactance XC. Calculations were made to detormine the

influence of &, and X .
t c

Fig. 9.8 shows thc calculated stebility limit cirves when
damping is allowed for., The high geain l1imit is more sensitive
to load then the low gain limit and at no load the maximum reactive

absorption is equal to the value obteined for the bus angle regulator
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cnly, at about the somt valuo of gain (sce Fig. 9.5)¢ The rotor . -
angle 1ic 33.75D at zero load but as the lnad indreascs, & increascs
slightly because the torminal veltage chznges due to the drop in

the 0,186 p.u. oxternal tie-line reactance. The steady.state
stability limit curve thercfore cheanges as the load varies., The

two curves in !tig., 9.8 have been calculated for zcro- and 0.8
psU. load respectively, The differencc between them is quite small
in this case, but would be greater for a larger tie-line reactance.

9,4.,2,1 The effect of differcent values of 6t

Figs. 9.,9(a) and (b) show curves similar to those of Fig. 9.6

but for terminal angle control, when 6t is held at various valucs.

The low gain limit curve at DO = 0 1s identical with that for bus
angle feedback., There is a small difference in the maximum reactive

absorption though, because the high gain limits are functions of QO.

The electrical torgue of the d.sw.r. machine is proportional

to the component thn of the torgue winding HM.l.F. Ft in

Fige 9410, and to the component Frgn of the reactive winding

MeliyFe After a small increase Aét in the anglc, the requleator
increases Ft by an amount AFt = Kt.Abt. The ability of tho d.uw.r,

machine to remain stable depends on the increasec

Athn = Kt.Aot.51nﬁ2
F i A® AF is a maximum when B, is 90° (6 = 90° « f#,)
or a given ! tgn is am 2 = 0
- 0
In other words, for the same Athn’ Kt is a minimum when @ = 90" ,

which is confirmed by the results for zcro power in Figs. 9.6 and

9.9, These show that for a given QD the values of and

Kt min

- ) o o
Ki max @fc @ minimum when & or 6, is 66,25 (f = 907) ,
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Now vaé = UEY& if there is no transient saliency and the

maximum reactive ebsorption should also te obtained when & = 66.250

which means that a & or 6, equal to ﬁr = 33.,75° does not yield

the maximum value for the maximum reactive absorption.

Fig. 9.10 Phasor diagram of dew.r. M.M.F.'s

For the four cases shown in Fige. 9.9, Curve (2) for
6t = 33.75D shows the least variation when PO varics from
0 to 0.8 p.u. but it does not have the highest reactive absorption.
Furthermore, when PD is increascd, the low gain regions for
Curves(l) and (2) move in a directiocn opposite to that of Curves (3)
and (4) and correspond to voltage reculator action on a c.w.T.

machine, where, for a given the reactive absorptian

K .
t min

increases as P_ increases (see Fig. 9.11),

Thereforey, holding 6t = ﬁr does not necessarily give the
largest stable operating range in the negative current region,
although the limit of stable operation is relatively insensitive

to load variations.
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9.4.2,2 The effect of additional tie-line reactance

The effect of increzsing the tie-line reactance Xl (see
Fig. 10.1) can be seen from the cclculated recsults in Fig. 9.12.
The lower value of Xl represents a typical tie-line while the
larger value is an extreme case to illustrate the reduction in
reactive aborption when PD increases for a fixed value of K

t min®

9,4.3 Comparison of d,w.r.- and g.3.T.- system results

The results of Sects. S.4.1 and 9.4.2 for a dew.T. system
agree in general with thosc of Ref. 4 for a g.a.r., system. The

common points are.

(a) A sharp cut-off of the high-gain limit for bus angle feedback
when damping is neglected.

(b) The lou gain limit of 6, = 66.25° moves to the right (Fig.

9,9) when P, increases. for both systems the P-Q relation is

similar to Curve (c) in Fig. 9.11.

(c) For termimal angle feedback the high gain limit flattens out

somewhat,

(d) The expressions for K and mn are similar.

. a
t min’ "0 max

9.4.4 Proportionate voltage regulator only

A dew.r., machine witha "voltage regulator only" givecs results
which arpo similar to thosc of a conventional machine. The

transfer fuction is obtained from Eqn. (9.26) as

F(p) = H(p)E (P) (9.51)



where

bgo

REXC 2 2
Ell(p) = v;;;a,(p) [- (QO + Jp° + Vv (p))Umtqo

+

P Vodo = VoacVbaa'mtdeYq(P)] Ga(P)YylRIMy,

+

[_ quovbdovmtqud(p) - poquo

-2
= Votdo(Gg + 997+ Vbdoyd(p)Xﬂ G (P)Y (PN (9.52)
Now
By = Xna¥a"arReXe/Tey
Bq = quququeXo/rfq
Kr = the voltage regulator gain
’%d= BdKr g
and g (9.,53)
K = K
vq Bq r g
The low gain stability limit occurs wherc the
Real (F_(j0)) = - 1
and the relation betuecn reactive absorption Q and K . is
o r min
given
2 .
Uy = = Kig min(—ququthqo * po”bdo—vbdoubqovmtdqu)/(”Umto
2
- Kuq min('vbdoydvmtdo - poquo - Vbqovbdoumtqovd)/avmto
- (W2 Y+ V2 Y )/ a (9.54)

bgo g bd d
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where
de min BdKr min g
qu min Bqu min g (9.55)
& =1 - decosﬁt - qusinét §

At zero active load, PD = 0 and the resultant asirgap M.M.F.

coincides.with the axis of the reactive winding and not with the

d-axis, so that 6t = 33,755 The reactive absorption is given by
G =K (u2 Y v + V_, VvV Y )/ au
0 vd min' bgo g mtgo bdo bgo mtdo g mto cee Qol
(u2 Y .V + U Y v Y )/ av Q
vg min' bdo d mtdo bgo bdo mtgo d mto °** To2
2 2
(quDYq + UbdDYd)/(x s QDS
(9.56)
for an unreguleted system, K . =K . =K . =0
vd min r min vg min
o =1,
and the reactive absorption is
2 2
By = - Vbquq - UbdoYd (9.57)
For a regulated system, howevcr,
G, =0, + 0y + Qou/a (9.58)

which shous that the excitation regulation of the reactive winding
affects the reactive absorption at zero load because of saliency.
With zero saliency (Yd = Yq = Y) the d-axis of thu mochino

can be chosen to coincide with the r-axis, and at no load
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6:0, a = 1 « K

bdo ~ Umtd = Y% vd min?

= = VU
quo Urntqo \mt

Eqne. (9.57) simplifies to
G, = - VY (9.59)
which agrees with results for a c.w.r. machine, i.e. the reactive

Y irres-
q

o N

absorption at zeroc load can not be increascd bayond ~ V

pective of the type of regulator on the d-axis,

Figs 9.13 shous calculatod stability 1limit curves for a
"voltage regulator only", The low gain region AD is associated
with a drifting type of instability and the high gein rcgion BC

with an oscillatory type of instability.

9.4.5 Proporticnate anngle regulator and proportionate voltage

reqgulator

The complete cxcitatiun control scheme of the diw.r. system
shown in Fig. 9.2 consists of both an angle and 2 voltage feedback

circuit. In practice the more cmvenient terminal angle © rather

t9
than the infinite bus angle &, is uscd for the angle feedback., The

transfer function for small disturbances to such a system, is

given by equation (9.25) or (9.26).

Consider a system which has a proportionatu voltage regulator

with the following transfer fuctions:

Ht(p) Kt/(l + Ttp) ‘ (9.60)

n

Ho(p) = K /(1 + = p) (9.61)

where T, and T, reproscnt delasys in the excitation system (sec
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Steady-state stability limit curves.
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Sect., 10.,4.1). The stcady state stability limit curves can be
found when the Nyguist criterion is applied to the freguency rcsponse
loci of Eqns. (9.25),(9.60) and (9.61). The results in Fig. 9.14

have becen calculated for different values of Kr’ T, and T

A comperison of the results in Figs., 9.8 and 9.14 shou that
the addition of a voltage rcgulator to contral the rweactive
winding excitatiaon allows slightly more reactive absorption in the

f region and little or no change in the K region. The

<t min t max

changes are less significant with low values of Kr than with high
values and are also proportional to the value of PD. The voltage
regulator (a.v.r.) response when used in conjunction with an

angle reculator thercfore depends in the same way on PD as without
an angle regulator, Howover, an a.v.r. gain of 10, which is beyond
the steady state stability limit of the a.v.r, without angle re-
gulator (see Fig. 9.13), does not cause instability because the

angle rcqulator stabilises the otheruise unstable voltage regulator

system,

From the point of view of steady-state stability, the design
consideration for the voltazge regulater are similor to these for
a c.w.r. gencrator. Although the results in Fig. %.14 indicate
that Kr can be veried over an extremely wide range, the value
should be chosen with due regard to terminal voltage recovery
requirements on the one hand, and on the other hand guarding against
voltage regulator high gain instability in case of angle regulator

failura,.
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9.4.6 Derivative angle requlator and proportionete voltace regulator

A voltage regulator only, with 0.5 sec. delay, can increase

Q to about - 1.25 p.u. 2t K
o max T

i

K and P = 0.8 peue

™m 0

(see Fig. J.13), In the previous secction the 0,5 sec. delay a.v.r.
together with the 0.5 scc. deloy propertionatce ange regulator

i To] [5) = - . slde 2
increased QO max at Kt Ktmp to a value of 1.1 p.u. (see
Fig. 9.14) which is clmost insensitive tc changes in P, and K_.

In an actual system the values of Kr and Kt are fixed and not
adjustable to suit cach particular operating condition. Hence, if

the criterion is maximum negative resctive absorption, the fixed

values should be

K =K
r Tm
Kt = Ktmp
when
Tt = Tr = 0.5 sec.

These results; however, rely upon the fact that & is oxactly
33.750, i.e. that the r-axis always coincides with the airgap
MeMaFey irrespective of DD. However, any 7inite value of Kt
causes an error in bt' Moreocver a large Kt would tend to cause

oscillatory instabillity.

The value of Ktnp in Fig. 9.14 can be improved by using
1
first and second derivative angle compensaticns to increase the
gain margin and consequently the reactive ebsorption., The transfey

function of the practical derivative angle regulator considered

(see Sect. 10.4,1) is
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1P
(1 + .01p)(1 + .01p) °

Ho(p) = |1 +

+ .02p° K
(1 + .01p)(1 + .01p)(1 + .01p)(1 +.G2p) (1 + Ttp)

(9.62)

The abovc transfer function gives significant compensation when

T, = 0 for a system with an angle regulator only.

Equations (9.25),(9.60) and (9.62) have been uscd ta find
the stability limit curves in Fig. 9.15 for the derivative angle
regulator and proportionatc voltege regulator. It is scen that
the derivative angle regulator allows a significant increases in

Q when T = 0. Although a practicel delay

and =
t max o max t Tr

of 0.5 scc. in each regulotor almost eliminates the compensation

of the derivative signals, it does allow an increesc in Kt max *
[ &

cepending on thc required . FfFor a minimum Q of
- c max o max

- 1 paud,K is about twice thec value of the maximum gain with-

t max

out compensntisn, The amount gained in K and Q depends
t max o max

very much on the regulator delays and especially on Ty since a
change in ©, from 0.25 to 0.5 makes little difference to Curve (3)
or to Curve (2) whilc a change in T, from 0.25 to 0.5 changes
Curve (3) to Curve (2).
The results of the present and the previous section show that
the degree of overall desw.r, system steady-state stability corresponds

tc the degree of stability of a dew.r, system with only an angle

regqulator,

P 1 1 e .
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CHAPTER _ 10

{ 0. THE D.W.R. MICRO-MACHINE EQUIPMENT

At Imperial College the “old" micro-machine (see Sect. 5.2)
has only one winding on the rotor d-axis and can thercefore only be
used as a c.u,rs altesrnator. The "new" micrc-machine has two
symmetrical field windings t and r, which can be usecd in series for
the purpose of a «swW,T. alternator, or separately for the purpose
of a dsw.r. alternator. The clectrical angle between a field winding
axis and the d-axis is the same for both windings i.e.
ﬂt = ﬂr = @ = 33.75° (see Fig. 8.1). For a divided winding connec-

tion the angle between the two winding axes is 67.5°,

Test results about tho steady-state stability limits of a
divided winding rotor (dew.r.) synchronous generator were obtained
from the "new" micro-machinc system (see Fig. 10.1) No parameters
were available for a practical large d.w.Tr. alternator although
parameters have been published5 for a "hypothetical" 30 Mu
dewers turbo-alternator. The choice of per unit values for the
micro~-machine systom parameters was based on discussions with the

CeEsG.Be; South Eastern Reoion.

10.1 The Micro-alternator

The new micro-alternator has a Mawdsley'sao stator, The
divided rotor winding has auxiliary field windings for time constant
regulation (see Sect. 5.3.2) and a squirrel cage damper winding.

The cylindrical rotor is laminated an non-uniformly slotted.

The design of the micro-machine was influenced by the following

factors:
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(1) A fixed airgap diameter and a fixed stzator design

for 2 4-pple machine,

(2) Although the number of rotor slots per pole could not be
greater than 6, the spacing and dimensione of the slots were chosen

so that the machine simulated a large alternator as far as posgible.

10.1.1 Connection of the field windings

Fach one of the divided field windings in Fig. 8.1 consists
of two portions which <can either Le connected in parallel or in
series. For the purpose of this thesis the series connection was
used beeause it presents a higher resist:nce which 1limits the
effect of brush contact fluctuations at the alternaor sliprings and

exciter commutator.

For c.w.r. operation the two field windings can be connected in
series in two ways viz., so that the resultant F.M.F. coincides with
the d-axis (cumulétively), or so that it coincides with the
g-axis (differentially), These connections are shown in Fig.10.2
together with the vector diagrams of the fundamental M.M.F.'s
The machine parameters are measured by connecting the windings
cumutatively as well as differentially and performing the standard36

d=axis tests for both connections.

From the vector diagrams it is seen that

= 10,1
Fd 2Ftcos¢ ( )

= i 10,2
and Fq 2Ft51nﬂ ( )
if F_ = F “as in the case of identical symmetrical windings.,
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10.1.2 Determination of parameters

Magnetisation and short-circuit charactcristics

The magnetisation characteristics for the new micro-machine
are different from those of a large turbo-alternator becsuse ths
degree of saturation in the tecth is much larger. The open-circuit
and short-circuit characteristics for one winding only and for the
two windings in series cumulatively as well as differentially, ap-
pear in Fig. 10,3, Points on the three airgap lines satisfy
Egns.(10.1) and (10.,2) to yield a value of g which is very close
to 33.75°. The results of Fig, 10.3 are used to find the unsaturated

and X = X .

values of de, qu mt no

Effective field mesistance

As in the case of the existing c.w.r. micro-machine (see
Sect. 5.3.,2) the per unit field resistance of the d.w.T. micro-
machine i1s too large and one time constunt regulrtor (Eecer.) per
field winding is used to control the effective resistance when the
machine operates in the d.w.r. mode, However, during the parameter
tests when the tuwo fiélds are in series; i.e. in the c.w.r. mode,
only one +t.c.r. 1is used as the sourme of excitation. The existing

t.cor.'s function satisforalily at the frequencies of the small

oscillations,

The feedback resistance be (see Fig. 5.5) is adjusted until
Téo (when the fields are cumulatively) corresponds to that of a
large machine. For this connection " the effective
number of turns of the two windings is 2Ncosf@ (see also Sect. 8.2).

If however, the two divided windings werc excited separalely (d.wsr,

mode) but carrying the same current in the cumulative sGhse che
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same M.F.F, as for c.u.r. operction would result on the d-axis,
The latter effect can be represented by a fictitious fd-winding of

N turns (see Sect. 8,2.1),

Therefore if beZ is the feedback resistince in ohms for the
2Ncosf-turn winding of the cumulative c.w.r. connection, then the
feedback resistance for a fictitious N-turn winding fd on the

d-axis is

o lrea

fbN 4coszﬂ
In order to maintsin the above-mesured value of Téo in the
dew,rs mode, the resistance R must remain unchanged. Use of

FbN
the parameter transformation Eqn.(831)shows that the fecdback

resistance bert of a single winding in d.w.r. mode becomes
R
fbN
Reppt = 5 ohm (10.3)

The value of measured from tests for the c.w.r. connedtion

Tdo
has a maximum value of 4,17 sec. which cannot be exceeded because of
limitations in the t.c.r. Furthermore the low lgop gain of the
teCoer. permits the residual voltage of the exciter to circulate

an alternetor field current without any aprilicd field voltage %!
(see Fig, 5.5). Hencg the relationship between field voltage and
field current becomes non-linear at low values of e. To off-set

this, 2 bLias in series with e, but of opposite polarity, 1s usecd to

reduce if to zero when e is zero.

When a t.ce.re. supplies one field winding only, the natural
. 41
field resistance is less than the critic=l resistance for the

seriesexciter in Fig. 5.5. Only the feedback signal to the exciter
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control fields limits the exciter output Lelow an acceptable level
when e (see Fig. 5.5) is zero. However, when a transient causes

if to increase, the electronic amplifier feeding the control field

soon reaches its output 1i.it in the proces of counteracting the

series field effect. For higher values of iF the effective field

resistance is therefore no lonner R Since there are no taps on

fbh®
the exciter series field the problem was overcome by deliberately

adding external resistaence into the exciter load circuit,

Inertia constant

The inertia of the micro-alternator and d.c. driving motor was
altered by adding a flywheel to the rotating system in order to
have an inertia constant typical of a large alternator. Values of

inertia constants for large turbo-alternators appear in Teble 10,1,

Table 10, 1 Inertia constants
Machine rating, M H, sec,.
660 3.84
660 3,47
500 4,1
500 3.6
500 2.8

The parameters for the dewer. micro-machine with two time

constant regulators appear in Table 10,2



10.2 D.W.R.

micro-machine and system data

Base stator voltaoce
Base stator current
Base armature pouer
Base stator impedance
Base field voltage

Base field current

Base field.power

Base field impedance

Mutual reactence de(unsat,)

X _ (unsat.)
mgq
Armature leakage reactance, X

Armature resistance, T,

fField leakage readtances de
qu
X

Xt’ T

Field resistances, Tego
rfq

o Tr
Transient reactance, Xé

X ]
q
Subtransient reactance, Xa

XI!
g

Time constant:

Inertia constant ¢ H
Divided winding angle
Transmission line:
Resistance R,
Reactance Xl

a

220 V, TeMm.S,
7.87 A

3000 VA

16.14 ohm
683.4 V

2.19 A
1500VA
311.4 ohm
2.22 p.u.

1.97 p.u.
0.1 p.u.
0.0061 pou.
0.217 p.u.
0.486 p.u.
0,300 pa.u,

0.00186 p.u,
0.00416 p.u,.
0.00257 p.u.
0.258 p.u.
0.490 p.u.
0.172 p.u.

0.203 p.u.

4,17 sec.

0.536 sec.
0.029 sec.
1,88 sec.

0.447 sec.
0,935 sec.
3.48 sec.

67.5°

0.0086 p.u.
0.186 p.u.

line

212
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10.1.3 Comparison_with_large hypothetical machine

R comparison between the main parameters in Tables B,l1 and

10.2 reveals important points summerized in Table 13,3

Table 10.3 Comparative data for a d.w.r. micro-machine, a
dewers 30 My machine5 and_two laroe c.w.r. turbo-
generatorsaz.
Parametor deWeTo CeWaTo C.W,r, CeW.Ts
m micro-machine 30 (U 275 [ 500 M
SeCaT 0.43 0.5 U,45-0,55 0.40-0,48
H 3.48 5.3 3,5 =4,.,75 3.5 ~4,€5
Xé 0.298 0,27 0.2 -0,3 0.23-0.33
Xg 0.172 0.172 0.,17~0,21 0.17-0,23
Xé 0.490 0.472
XS 0,203 0.176
T! 4417 6.59
do
T! 1,88 2.60
go
ra 0.0061 0.002
Tg 0.029 0.027
Ta 0.035 0,035

The only significant difference of parmameters in Table 10.3
is still the high wvalue of micro-machine armature resistance, al-
though it is about three times smaller than the resistance of the
A significant improvement on the

"old" c.uw,r. micro-machine,

damping performace of the old micro-machine is seen in the clase
agreement between the subtransient time constants of the "now"

micro- macnine and the 30 MW machine, The results of Table 10.3
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indicate that the d.w.r. micro-machine parameters as a whole agree
closely with the hypothetical 30 MW d.w.r. parameters and in some
respects even better with the c.w.r. 500 MY turbo-generator para-
meters. Hence the test results of the new micro-machine in either
the dewer. or c.w,r., mode should be closer to the results of

a large machine than hitherto,

10,2 The Prime Mover

The new micro-alternator is driven by a 4.94 h.p. 220 V,
compound wound d.c. motar, The torque speed characteristic was
not changed (see Sect. 5.3.3) because tests were confined to steady
state stability only. Provision was made in the wiring of the
d.c. motor supply for the turbine sinmulator mentioned in Sect.5.2.2
to be swintched in easily. However, although the simulator was
oper~tional, it was not ready for gener:l use at the time of the

tests.

10.3 Feedback Signals

For a dew.r. machine to oper:te successfully as explained
in Sect., 8.1, the excitation for the torque winding is controlled
by a feedback signal proportional to the rotor angle while the re-
activé winding excitation is regulated either by the terminal

voltage or manually for test purposes.

10.3.1 The angle fecdback circuit

A signal proportional tothe angle of the rotor with reference
to either the infinitz bus (fixed supply) or the terminal voltage

(sec Fig. 10.1), is developed. A shaft driven a.c. tacho-generator
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which generctes the frequency of the system gives a wave form whose
phase with respect to the reference wave changcs in accordance with
the roter position. Thus the rotor angle problem is converted
into phasc detection and genercotion of a voltags proportional to
phase variation. A specially constructed phase detection circuit

is described below.

10.3,1.1 The angle device

The angle device measures the angle between thc rotating rotor
body and a rotating reference axis i.e. the ‘'retor angle". The
"load angle" is defined as the angle between the rotating resultant
rotor M.M.F. FO and a rotating reference axis. In a c.W.r.

machine FO is produced by a single field winding and is stationary

with rescect to the rotor bedy so that the "load angle" and "rotor
angle” are egual., Houwever, in a d.w.r. machine FO is produced

by two field windings and can therefore be moved around the reotor
body so that the "load angle" and "rotor angle" are not necessarily
equal, In fact; a suitable control system will keep the rotor angle

almost constant for variations in load and load angle.

In the closed loop angle control of a d.w.r. generator, the
loop gain depends on the slope of the angle device output characteris-~
tic (see Fig., 10.7) and the sinewave output of the "old" angle
deu1094 therefore introduces a variable gain which complicates the
stability study. The "new" angle device described in this section
has a linear output giving constant gain and the zcro- output point on
the calibration curve in Fig, 10.7 can be adjusted by the level
control in Fig. 10.5(b) The output of the “new"” circuit in

contrast to the ‘“old" one, does not detect a change of up to 70% in
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the amplitude of the signal voltage. Thie is particularly useful
when measuring rotor anglc to the terminals while the terminal

voltaue changes as a Tunction of load and excitation,.

There are various mays7, of determining thc¢ rotor angle de-
pending upon the method used to obtain & signal indicative of the
rotor's position, The available 4-pole, two-phase sineo wave

tacho-generator was found most convenient.,

The tacha-generatar cutput is connected to any anec input of
the block diagram shown in Fig. 10.4 and the reference voltage
to the other input. The reference voltage can be taken eithor from
the generator terminals or the fixed supply, depending on theo
type of control required and an isolating transformer is used in
bath cases so that the transmission line is not earthed by the

angle device.

The circuit in Fig. 10.4 consists of twe identical channels
which each produce a pulse every time its incoming signal crosses
through zero. The pulses trigger a bistable circuit whose output
has a mark-to-~space ratio proportional to the phase angle. Suitable
filtering follows at the output stages. A detailed circuit diagram

appears in Fig. 10.5 and its operation 1is described below,

The incoming signal is zcnered by D1 to limit the inverse
base~-emitter voltage of the transistor amplificr stage T1l. Capacitor
C1 acceleratas the switching of T2 between the "ON" and "OFF"
state. The maximum amplitude of the incoming signal is determined
by the power dissipation capability of 01 which can be increesed
if necessary., The minimum signal amplitude should cause a nogligible

time lapsc betwecn zero-crossover of the signal and the output of
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Table 10. 4 List of components in fig. 10,5

. 1
Resistances: Z watt

R1, R14 - 10 K ohm (K) R24 - 7.5 K

R2, R4 - 5.6 K R26 - 12 K

R3, - 120 K R27 - 180 ohm

R5, R10 ~ 4.7 K R28, R29, R30 - O to 100 K pot.
R6, R23, R25 - 20 K R31, R34 - 1.5 K

R7 = 2.7 K R32, R35 - 20 K

R8 - 27 K R33. R36, R39 - 10 K
RO - 100 K RZ7 - 2 K

R1i, R1l6, R19, -~ 5,6 K R38 ~ 7.5 K

R12 - 47 K R40, R4L - 5.6 K
R13, R15 - B2 K

R17 - 2.2 K

R1B - 33 K

R20, R21 - 12 ohm
R22 ~ 7,93 K

Capacitors Diodes
Cl, C8, Cl0 -~ 25 micro farad(mf) D1 - 3.9V, 400 mW zener diode
C2 - 2000 pf D2, D3, D4, DS - OAYl diade
C3 - 0,01 mf D6 ~ (ARZ202, 5.6V zener diode
C4 ~ 47 pf
5% - 50 mf

C6, C7 - 0.25 mf
€9 - 1500 pf
€11, €12, C13, Cl4 - 0,1 mf

Transinstors

Tl, to T7 - 2N2926 (NPN)

T8, T9 - 2N2925 (NPN)
T10 - DFYSL  (NPN)
T11 - 283702 (PAP)

0/A — Integrated circuit operational amplifier, PLESSEY TYPE
sSL7028,
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Tl needed to change the state of 7T2. Transistors T1 and T2

form the pulse shaper and squarer stazpe. T3 and T4 are emitter
follower buffer stages, and cach supplies a differentiating stace.
Capacitor C2 and resistance R6 form the differentiator while C3
blocks back any d.c. and the diodes 02, D3, D4 and DS allow only
one polarity of pulse to pass. The independent buffering of the
pulses by T3 and T4 prevents any interaction botween the two

channels 'A' and 'B'.

Having prevented any interaction of the channels on one another,
the pulses are then combined at thco wnistable vibrating stage,
TS and T6, and the frequency of vibration is doubled (sce Fig. 10.6)
becausc both the positive-going and negative-going zero-crossovers
of each wavc are used. Transistors T7 and T8 form & cascaded
buffer to decouple the next filter section. Ballast capacitors
C5 and the combination of R20 and C8 stabilize the rail voltare

and eliminate high frcguency oscillations,

The operational amplifier ©/R is an intenratcd circuit. The
zener diode D6 allows the output from O/A to swing both positive
and ncgative while R12, R16, R18, C7 and C6 form a low-pass filter
(see Sect. 10.3.1.2 ). An adjustable d.c. bias controls the level
of the signal and provides the necessary small off-set required by
the internal circuitry of the 0/A. Since R18 = 33 K and
R12 = 47 K, the d.c. gain of the O0/A is 33/47 and the incoming
siganl which swings between - 7V and + 7V 1s attenuated to
values within the unsymmetrical + 6Y and - 7V caspability of the

integrated circuit,
Transistor T9 forms a buffer to the 100 Hz Tuwin-T filter and
T10 is a buffer to the 300 Hz Twin-T Filter while T11 buffers the

external load,.
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The relationship bectween the output veltage UD(Fig. 10,5)
and the rotor anglc, appcars as a saw- tooth wave in the cali-
bration curve of Fig. 10.7. Good lingerity isachieved over the

0

range from -90° to + 90° with a sensitivity of 4.22 mU/deg

which can be incrcased by further amplification,.

The circuit has been found rTeliable, robust and has the ad-
vantage of being linmear. Thc bistablec stage (Fig. 10.5) can be
triggered by A2 and 82 only, to provide a linear output over a
range from 0 to 360 dcgrees although the filtering becomes more

difficult,

10.3.1.2 The filter unit

The filter unit accepts the superimposed square waves at
H3(see Fige. 10.6) and gives out the d.c. component with a very much

reduced a.c. component. It is designed in three stages,

(1) to allow the low freguency variations of thc d.c. component
to pass with minimum possible attenuaticn and delay. The theoretical
transfer function of thce practical angle device can however allow

for the filter characteristics,

(2) to give a notched attenuation at 100 Hz because this harmonic
and multiples of it are gencrated as a consequence of the bistable

switching action,’
(3) to yive a notched attenuation at 300 Hz for the scme reason.

The low-pass filter of stage (1), consisting of the operational

amplifier and R12, R16, R18, C7 and C6, generates a transfer func-

3

.4 . .
tion with a second order polynomial in the dencminator.
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5 K (10.4)
Ap™ + Bp + 1
where K = - R18/R12
A = R16 x R1B x C6 x C7
_— ‘ 1 _1 1

The numerical values of these coefficients were choscn to

obtain an attenuation of 12 db per octave from about 12 Hz onwards.

The Tuwin-T filters44 generate imaginary zeros to suppress 100Hz,

300 Hz with two transfer functions each of the form

1+ szz

(10.5)
szz + 47p + 1
when the filter is balanced. The numerical values of all filter

components appear in Toble 10.4.

A transfer Function Analyser was used to determine the freguency
response of the operational amplifier and filters. It was assumed
that the transistor circuits before the 0/A (ses Fig. 10.5) pro-
duced negligibible time delay. The test results appear in Fig. 10.8
together with results colculatid from Eqns. (10.4) and (10,5)

for the three filter stages.

10.3.2 The voltage feedback signal

A dec, signal proportionél to the terminal voltage is obtained
by using the same circuit as in Ref. 3., Six silicon diodes are
used in a rectifier bridge circuit, Three single phase trensformers
with centre-tapped secondary windings isolate the bridge from the
three phase terminal voltage and arc connected in delta on the

primary and six phase star on the secondary side. The dominant
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harmonic frequency because of the rectifier oridge circuit is 300 Hz.
it is attenuated by a Twin-T filter scection. Higher noise frequencies
are attenuated by low-pass R-C filter sections in cascade. for low
freguencies relevant to this study, it is fair to assume that the

rectifier and filters do not introduce any apprecciable phasco shift .

10.4 The Regulators and Associated Circuitry

The simulation of the angle and veltage rcgulators was done
cn a small analogue conputer., In the following sections thc regu-

lators and ussociated circuitry are described.

10.4.1 The annglc regulator

Two alternative types of torque winding regulators were used,
namely, a propoerticnatec angle regulator and a regulator with propor-
tionate and derivative signels. The proportionate regulator can
be treated as a special case when the derivatives are omitted.

In Fige. 10.9 is shown the derivative regulator with the following
transfer function.

olD
(1 + J01p){(1 + .01p)

(1 +

. .02p2 Ry (10.6)
(T +.00p) (T +.00p) (1 +.02p)(1 +.01p) T 7 7ip

The frequency response curves in fig., 10,10 are for different

values of Tt

zero to represucnt a thyristor excitation system, or it can have a

in expression (10.6), The value of 7, can be made

finite value to represent the short-circuit field time constant of

the conventional d.c. exciter of a large alternator,
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Fig. 10,10 Ffrequency response curves for the derivative angls

angle regqulatc:,

X X 998 palculated; ® ® measured
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In the circuit of [ig. 10.9 conventional differentiasting cir-
cuits45 arc us.d to differentiate at low freguencies but to cut off
high fregquencies or noise, 'since the frequency range in this stuoy
is 0 - 4 Hz, However, in theorectical computstions the coffect of do-
lays is also considered, apart from the singlec main time delay Ty

The angle signal from the angle device in fig. 10.5 is applied
to the point markeod 'IN' on Fige. 18.9., The circuilt marked '1' car-
ries the signal straight to the summing amplifier, the circuit
marked '2' brings thc first derivative and the circuit '3' the se-
cond derivative signal, The total signal passes through an amplifier
with a time delay and the level is then adjusted by 2 precision
decade potentiometer which controls the gain Kt' The signal is
carried through a buffer amplifier and a limiter to the input of the
time comstant regulator., The limiter circuit consists of two back
to back Zener diodes which conduct if the signal exceods L 16 volts
and is used to protect the subscguent time constent regulator cir-
cuitry, This protrction is of particular importance when the feocd-
back signal contains a first or sccond derivative component which

may increascs rapidly to a large value during trensient disturbancecs.

The circuit described above represents tho proportionate angle
regulator when the fist and scocond derivative feedback circuits

marked '2' and '3' a:e omitted.

10.4.2 The voltagse requlator

The analogue simulation of & single delay proportionate voltage
regulator is shown in Fig. 10,11, An adder is used to sum up the

Ferdback signal and the roference Vrefr which is



usad to adjust the s%eady—staté excitation of the systom. A preci-
sion deccade potentiometer is used to adjust the gain Kr while

the next stage introduces the single time delay T The signal is
finally passcd throungh a limiter (see Gect. 10.4.1) before it

reaches the time constant regulator input. The transfer function is

K
r

e (10.7)
1+Trp

Equations (10.6) and (10.7) are used to calculate the results

in Chapter 11.

~~=000~-=
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CHAPTER 11

11, Comparison of Measurements and Computations

1l.1 Gengral

The micro-machine system shown in Fig. 10.1 was connected to
the fixed sypply, referred to as an infinite bus. Stability limit
studies were carried out to determine the reactive pouwer QD at
which stability was lost, for a given active pouwer DO and given
gains for a voltage regulator and an angle requlator
when used as follous:

1. a proportionate bus "angle regulator only" (see Sect. 9.1)

2. a proportionate terminal "angle requlator only"

3. a proportionate terminal angle regulator and a proportionate
voltage regulator

4, a derivative terminal angle regulator which had proportionate-,
first derivative and seond derivative terms, and a pro-

portionate voltage rcqulator.

The angle regulator and voltage regulator each had a single time
delay < and tests were done for different values of Ty and T
Results were obtained for a reference angle of 33.750 only.

In the present chapter the experimental results are presented

together with computed valucs which neglect the effects of armature

and line resistance as well as saturation.

11.2 The Stability Code

Instability was most clearly indicatec by the rotor angle
variation A&, relative to the equilibrium condition and it was

decided to consider the conditien of equilibrium unstable if the
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rotor angle

1, drifted by 2° from equilibrium, and subseguently did
not settle back within tuo minutes,
2, built up an oscillatior of 2° abiout the mean, either as a

limit cycle or ©s an increasing oscillation,

It was not easy to find a preciss point at which this occurred,
particularly because of erratic variati ns of the a2.c. and d.c.
supplies and the alternator field currents. To minimise thc pos-
sibility of erratic judgement because of erratic variations in thé
supplies, the stebility experiments were conducted during periods
of steadier load conditions in the laboratory. The erratic varia-
tions in the alterpator field currents were causcd by alternator
brush contact fluctuations in a low resistance circuit but this was

improved hy adding resistance into the field circuit (see Sect.10.1.2).

For bus angle feecdback, the equilibrium is maintained at
6 = 33.75° for any power level, but with gensrator terminal angle
feedback it is only true at zero power. At any power level, the
rotor deviation is determincd by the ancle (&6 - Gt) which increases
with the increase in negative reactive absorption. Within the
stability limit the rotor adjusts itself to the new condition. Hence
for assessment of the stability 1imit the stability code was ap-

plicd at each new equilibrium condition.
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11;3 The Requlator Constants

11.,3.1 The angle regulator gain Kt

The angle rcoulator (sec Fig. 180.9) gain Kt dapends on several

factors, namely

A, 3 the fixed attenuation of the limiter and time constant

tegulator, numerically equal to 0.1925

Ké 5  the angle device constant, numerically
volts 1
= angle device sensitivity (£2=22-)

radian base ficld voltage

1t

0,422 x 57.3 x 'é"éé“?? (sec Fig. 180.7 and Table 10.2)

p.U. voltage
radian

0.0353

K : the a-justable amplifier gain constant (see Fig. 10.9).
Thus K, = A, x K, x K

0.1925 x 0.0353 x K

3

6.8 x 107" K

11.3.2 The voltace regulator gain Kr

The voltase regulator (sve Fig. 10.11) gain Kr depends on

sgveral factors, namely,

At . the fixed attenuation of the limiter and t.c.r. (see Sect., 11.,3.1)

the rectifier constaent; the rectified output is treated as the

poa)
o0

terminal voltage, (see Sect. 9.1), numerically
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base armaturec

R_ = rectifier conversion factor x

e base field voltage
_ d.Cs volts 220 (a.c. line volts, r.m.s.)
= 01575 (a.c. 1ine VOLES Temese’ * 683.4 (d.c. volts)

K ¢ the adjustable amplifier gain constant (see Fig. 10.11)

Thus K = A x%x R x K

0.1925 x 0.0507 x K
3 K

"

= 9,76 x 107

11.4 Starting of the System

In the stability experiments including a veltage regulator the
system shown in Fig, 10.1 was synchronized withcut any current in
the torgue winding. The prime mover control was adjdstcd to give
zcro active pouwer PO at the infinite bus. The reactive power QD
at the infinite bus uwas brought to zero by adjusting Urefr (seae Fig.
10.11). The t-winding was then cnergised and the d.,c, off-set bias
(see Sect, 10.1,2) used to adjust the steady torque winding current
to zero. The input signals to the ongle device (see Fig., 10.5)
were switched on and the circuit to the annle regulator (see Fig.
10.9) closed. The output from the angle divico and regulator
was adjusted to zeroc by means of the angle regulator reference

voltage in Fig. 10.9. A preaision decade potentiometer was

Ureft
used to adjust the regulator gain Kt below the limiting level
and the torque winding feedback circuit was closed. Before any
experiments were conducted the system was loaded to PU = 0,8 peu.

and QO = 0.6 p.u. and was run for about half an hour to establigsh

a reasonable steady temperature in all the windings.
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The above procedure was folower! for most of the stability tests
except for the cases without a voltage regulator, when the reactive
windin~ excit. tion was adjusted manually. UWhen there were deriva-
tive components in the anngle feedback, the varizus
derivative circuits in the regulator (see Fin. 10.9) were the last
to be closed after synchreonlzation and the first to be opened be-

fore synchronlsm was lost.

11.5 Steady-state Stability Limit Curves for Proportionate Bus

Angle Requlator

After starting and warming of the sct (sce Sect. 11.4) the
actl e power at the infinite bus was adjusted to say 0.2 p.u. and
the reanulator gain Kt was adjusted by the potentiometer to a
stable value (see Sect, 10.4.1). To make the micro-machine system
deliver negative vars the positive excitation of the reactive winding
was decreased in small steps to zero and then increased in the
negative direction. After every small change in the excitation the
roter angle was observed with theo aid of a gtroboscope for about
five minutes, The rotor was considered to bec stable, if after the

disturbance it " settled down to equilibrium according to the stability

code, otherwlsc it was unstable.

The regulator gain Kt was increcced in steps and the above
procedure wes repe:~ted to locste the steady-state stabllity limit.
Theo active power PD was adjusted to a new value and the entire

process repeated to obtain a new set of steady-state stability

limit points.

The experimental and computed results shown in Fig. 11l.1 agree

well in the low gain region AB but the agreement i1s less good at
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higher gains in the BC region. The discrepancy may be because the
instebility in the BC region is of the oscillating tyce and computed
results are sensitive to small errors in the measured transient-and
subtransient parameters. However, in general, Fig. 11l.1 shous
that the active power PD does not significantly influence the

results.

11.6 Steady-state Stability Limit Curves for Proportionate

Terminal Angle Regulator

The experimental stead-state stablility limits for the propor-
tionate terminal ancle regulator were obtained in a manner similar

to that described in Sect. 11.5.

Fige 11.2 shows fairly good agrecment between experimental
and theoretical results in the low gzin region but, as in Fig. 11.1,
the agreement in the high gain region is less goocd for tihe same
reasons as staoted in Scct. 11.5. However, an increase in the actlve
leoad PO has the samc effect on both experiment:l and thepretical

results.

11,7 Steady-state Stability Limit Curves for Proportionate Terminal

Angle Regulator and Proportionate Voltage Regulator

The experimental steady-state stability limits for a system
with an angle regulator and a voltage regulator (2.v.r.) were obtained
by using a value of Kr within the steble region before testing
for the stability limit in the same manner (sec Sect. 11.5) as for
an angle regulator only. The active power DO was changed and the
procedure repeated to obtain a curve for sach value of D09 and the
results are shown in Fig. 11.3(a). The entire process was repeated

far a different value of K_ and the results appesr in Fig. 11.3(b).
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Theorectically &s well as experimentally, an increase in
power increc~ses the maximum reactive absorption QD in Fig., 11.3 at

any value of K irrespective of whether Kr is high or low,

t?
Although there is fair agreement between comuuted and measured points
in the low ga2in region AB, it is not at as good in the hich gain

BC region, for reasons discussed in Sect. 11.5. 0On the whole, the

agresment in  Fig. 11.3(b) is less favourcble then in Fig. 11.3(a)

possibly because of the hicher voltage regulator gain.

The results in Fig. 11.3 also illustrate that a combination of
two simple delay type regulator systems is capable of increasing

the maximum negative reactive absorption to a useful value greater

than 1 p.u, for all values of power if Kt is less than about
9 x 1077,
11.8 Stcady-state Stability Limit Curves for Derivative Terminal

Angle Regulator and Propoertionate Voltage Requlator

Theo transfer function, including first and sccond derivative
angle terms, (see Egn. 10.6) was simulated on the analogue computer
(see Fig. 10.9) and Kt was adjusted on the potentiomecter as for
the proportionatc angle requlator. The stability limit tests were
carried out for different values of angle regulstor gain Kt, active

power PD, and voltege regulator gain Kr in the same way as described

in Sect. 11.7

Fig. 11.4 shows some of the experimental computed limits
for a time delay of 0.5 scconds in each regulator. The overall agree-
moent between computed and measured values is fairly good except for
the very high gain region CO. In this rcgion, the natural frequency
of oscillatory instability is relatively low and difficult to distin-

guish from s drift due to fluctuations in the supply.
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Hence, there is greater uncertainty associated with measurements
in this region. Compared with Fig. 11.3, Fig. 1li.4 shows that the

maximum value of Q_ is about the same (- 1.2 p.u.) at the same

value of K, = 3 x 10-3, However for a minimum Q of = 1 peU.,
t 0 max

Kt nax is about twice the value without derivative compensation

(also see Sect. 9.4.6).

The derivative angle terms give little increase in negative

reactive absorption when Ty = Tp = 0.5 compared to T, = T.E 0.0,

Ltarge d.w.r generators with conventional d.c. excitation systems will

thereiore only have a marginal increase in QO max and little gain
1

in Kt nax vhen derivative compensation is added in the form sug-

gested by Eqn. (10.6).
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CHAPTER _12

12, CONCLUSIORNS

The purpose of the work described in this thesis has begn to
investigate methads of representing machinces in ordeor to study the
steady~state and transient stability of a synchronous gencrator con-

nected through a transmission line to a fixed supply.

Two types of machincs have been studicd viz. a synchronous ge-
nerator with a conventional single field winding on the rotor d-axis,
referred to as a conventionally wound rotor (c.w.r.) machine; and
a synchronous generator with two scpurate field windings on the rotor,
referred to as a divided winding rotor (d.w.r.) machine., In the
case of thc ciwe.r. machine, the ovmphasis has been on the transicnt
behaviour after a symmetrical threce-phase short-circuit. In the
casc of the dawer, machine the main investigation has tecn conccrned
with steady-state stebility during smell disturbuanees, although cal-
culations were also made for the transient stability aftcur a2 three-

phase fault,.

Different types of transient disturbances have becn analyscd
and compared by using the cguivalent two-axis circulits end the
Laplacc appronach to find the difforent expressions for the electro-
magnetic torquec of the c.w.r. machine. It was found that the
tronsient torquc after diffcrent disturbances consistcd of an indi-
vidual component for cach disturbance in addition to threc main
common components. viz. the synchronizing- and saliency torque, the

torque due to field flux decrement and the damping torque.

Difforent methods of analysing the synchronous machine transicnt

responsc have been compared, including a new accurate method which



does not neglect the rate of change of the armaturc flux linkacges

Wd and Wq. It has ber~n shown that an angular 'back swing" in

the rotor can occur when a2 three-phasc fault is apnlied. The

back swing is caused by hich transient losses which cause & unidireoc-
tional breking torgue during the initial period of the fault. The
braking torque can be calculatd when the p?d and qu terms are
not neglected in the exoressions fer the armature axis voltaces., The
accurate method also allows more fully for the actiaon of the damper
winding than simply by means of a constant demping coefficient. An
approximate method which allows for damping but not for p¥ has also

been used for calculations and comparisons have been drawn between

the approximate and accurate results.

For thc accurate method a new set of first order differcntial
equaticns have been developed in a form particulatly suitable for
a step-by-step solution on a digital computer. The axis flux
linkages und currents which change at about supply frequency, are
solved simultaneously. The time interval for a step-by-step cal-
culation must be short compared with the porind of the a.c. cycle
and hence requires a large amount of digital computer time., Efforts
were made to reduce the time by using more powerful methods of inte-
gratiocn and by rearranging the order in which eguations were being
solved, The best achievement permitted a 5 milli-second step length

when the fifth order Kutta-lfierson method was used.

Tests and calculations of the back swing phenomencon have been
made for a c.w.T. micro-machine system while calculations have also

been made for a 30 MU c.w.r. turbo-alternator.

A detailed study has revealed the effect of the short-circuit
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braking torgue when

1. the machine is at a reduced load,
2. the tie-line reactance is increased,

3« the inertia constant is small,

The conclusion can bo drawn that in countries where the load centres
are not far apart and transmission lines are relatively short, as

in England, a short-circuit anywhere along a transmission line may
be close enough to the alternators to couse back swing. If the locad
is remote from the generoting centre, as in the case of systems

with hydro-stationsg a back swing may occur alter a fault if the ge-
nerator was relatively over-excited in order to maintain voltage
stabiltity at the receiving end. For such conditions an accurate
result is not obtained unless the p¥ terms are included. When
generators have rectifier excitation, the accurate method must be
used for any transient condition during which the field current
falls to zero. Induction motor recovery studies are alsoc affected
by the p¥ terms since the short-circuit bkraking torgue increases the

deceleration.

It is vell known that the stable operating range of a c.W.T.
generator can ve extended under leading current conditions, by means
of an a.v.r. acting on the single direct axis field, but such a
system has limitatirns at light load conditiors. The use of a second
field winding on the guadrature axis of the rotor, excited by a conti-
nuods feedback rotor angle signal, shomed4 a drematic improvement in
the stable operating ramge for all values of load. Another scheme5
showed that » machine with two divided windings on the rotor (d.w.r.)

could be controlled to operate stably beyond the normal c.w.r. range
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during steady-state conditions and that it also had an impr oved

transient response. In the light of the c.w.T. machine stability
limitutions, and the promise held out by the d.w.r. machine, it was
decided to investigate more closely the stability problems of the

latter.

The non-linear eguations have been developed, following the ge-
neralized machine theory, for a machine with a field winding on the
d-axis as well as on the g-axis. As the field windings of a d.w.T.
machine are not necessarily on the d- and g-axis, a new transfor-
mation matrix has been sstablished to replace; mathematically, the
two physical field windings by two fictitious field windings, one
on each axis. The eguations were then used to calculated the
transient response after a three-pahse fault on a hypotheticalS
30 MY d.w.r. turbo-alternator and also to study the steady-tate

stability of & micro-machine with a divided winding rotor.

The transient stability calculations have used the approximate
method as well as the accurate method. A new set of first order
differential equations have becn developed in the seme way as for
the c.we.T. machine with the difference that the field winding on
the g~axis introducss an additionmal equation. The results cor-
roborate the earlier deductions about the bLack swing phenomenon,
although thc effect seems less severe perhaps Lecause the rotor
movement of the d.w.T. machine is more constrained by the feedback

control signals.
Steady-state stability tests and calculations of the d.u.T.
micro-machine have shouwn fairly good agreement anu it can be con-

cluded that:s



251

1, The torque winding current of a d.w.r. machine controls the
active power althourh it also affcects the reactive power. The
reactive winding current controls the reactive power only, and a
suitable feedback can therefore regulate the reactive without
affecting the zctive power. However, all this is laszc on thc as-
sumptiun of zero saliency and that,by means of o feedback signal

to the torgue windino, the rotor is held at a constant angle

ﬁr with reference to a fixed supply.

When the feedback signal is taken with reference to the terminal
voltage, the above conclusions are only approximately true because

the rotor is not held at a fixed angle,

2. The angle feedback to the torque winding acts as a stabiliging
circuit for the terminsl voltage feedbrck to the reactive winding,
This means that the a.v.Ts can have a gain so high that the system
would be unstable if the stabilizing angle requlator were removed,
Furthermore, a considerable change in thc time delay of the a.v.r.
has negligidlc effect on the steady-state stability although it may
affect the transicnt response of the system. Conversely, the only
effect from tho a.v.T. seems to be a small improvement in the steady=
state stability limit of a system with an angle renulator only.

These conclusions lead to the following salient deductions:

(a) The a.v.r. design seems to be almost independent of
the angle regulator and it is believed that the a.v.T,
of a present large c.w.T. machine will most probably be
equally suitable for a large d.w.T. machine in future.

(b) The stable operating range of a d.w.T. system with an
angle regulator and a voltage requlator, is almost the

same as a d.WeTe. SYstem with an angle regulator only.
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Any improvement in the steady-state stability limit
can probably only be achigved by an inherent improve-

ment of the angle regulator stabllity.

3 It has becn shouwn that the stability of the system with an
angle~ and a voltage reqgulator can e improved if the gain margin

of the anole regulator is improved by including first- 2nd second de-
rivative compensating tuerms. Although the compensation provided a
dramatic increase in negative reactive eborption when the regulators
had negligible delay, it was less e fective when both regulators had
a delay of 0.5 seconds which corresponds to the short-circuit field
time constant of a large d.c. exciter. However, the derivative angle
regulator used, was by no means an optimum design ~nd could be
redeosioned to give improved compensationata given value of time

dela}Io

cem=000- -
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APPENDIX I

THE ACCURATE METHOD _OF  AMALYSIMG A Cubl.R. MACHINE

From Egns. (412) and (4,13) the derivatives of the flux

linkages ¥ and Wq are found as

d
Xn pllf P‘y
d . . f kd
pYy = —~ . pi  + (Xg - X_) [Y + 5 (Al.1)
“fd ‘kd
25 . : ¥y q
pY, =5 - pig+ (xa - X)) 3 (Al.2)

kg
Equating the right hand sides of Egns. (4.1) and (4.24) yields

PYL ¢ VE ¢ Ty = V2 U - % pi, - Ri -2 .vi (A1.3)

d a d bd d d g

The values of p¥, from Egn, (Al.1l) and of Wq from Eqn.(4.13) are
substituted into Egn, (Al.3) which then containz the terms

kad and p¥ The expressions for these, given by Egns. (4.14)

f‘.
and (4,16), are substituted into the modified Egn. (Al.3).
After re-arranging the terms, an expregssion gor piy is found
as
piy = a1, + %qu + azvf + aaka -+ a5vwkq + aﬁvbd + ApVe
and likewise for piq' The values of the constants 215 @, etc. )

see Eqn. (4.26)) are:-

X 2
a (r_ + R + *-EEE}-“— + 2173 ) 2 5
= - ' 1] . 1] ?
1 @ 959% 4140 @ XegTao (X + X3)
X + X©
e o =9
az X o+ XU g



a - ( ..___El;_. . ...._g..l.‘.f\:ﬂlj._ .._9.1_9._:}_—
7 = v T 1 - "
. XeaTdo  *elea™kdTdo  “ka’fd'do
2,
a = (- 91 glAmd ) [5) .
e ” 1] . v s
4 T80%kd 9:%ka%raTdo (X X3)
a 92m V2 o
= - it H a " H
5 qu(X + Xd) 6 X o+ Xy
- noo . S o
where 9, = Xd Xa’ 9, = Yq Xa H 9

bl = (X + xa)/(x + Xq) 3
g2Xm
b, = - {(r + R m
2 a wquT q0
b3 = wgl .
ny s
de(X + Xq)
b4 = —991 H
R CES)
Xy (X xq)
b wgz H
= ) T ]
5 Xeq T (X + X1
From Eqn. (4.16) for pr -
R 1" T
= - :
1 mg3TdD 3
91%nd ) .
4 T X_T! 5 2

kd do®3

&)

) X TR

Bﬁ =
- (l +
C5 = C

V2

X o+

9

« W
X(!
q

) e . .
t(X o+ XS) ’



Ffom Egn. (4.14) for p¥ s -

kd
< R S
= 1] 5 = i 7 - = 1 ]
1 Tdo 5 deTdo 4 Tdo
d5 = 0,0 H d2 = d6 = d7 = 0,0 ;
. . - " .
From Eqn. (4.15) for D&kq s -
Xm
el = 83 = 94 = 96 = 97 = 0.0 92 = o7
qo
~1
95 &= "T"—‘g
Qo

.m0 -
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APPENDIX II

THE APRPROXIMATE METHOD OF ANALYSIN A DyW.Re MACHIWE
If ifd and ikd are eleminated from Egns. (8.17),(8.19)
and (B8.21), the following expression is obtained for ¥
_ 2
i
L2 L ‘
: md . nd L ‘ L
¥, = (de - ) g+ Yo, 1 + ffd Y 4 - Yy _md
ffd ffd L - LZ | Lffd
kkd md |
!
i Lfqu
Lo
- (L, - 22y (A2.1)
md Lffd d
If ifq and ikq are eliminated from Egns. (8.18),(8.20) and
(8,22) a similsr exprpession is found for Wq g
— - L2 ]
mg _mg
2 L.a
ng ng + fra me
7, -— - -4 i - ___4
¥a = (tas Lffq) Yot Yra Top L. - L2 ka” Fra Teog
kkg mg
Lffq
_ ]
LZ
- (Lmq - T—ﬂﬂ )iq (A2.2)
“ffqg

The combinations of inductance terms in Egns. (A2.1) and
(A2.2) can be expressed in terms of the transient and subtransient

reactances of the machine when the following identities are wuseds-~-

L2 L2
o (Ly, - 22 )= % 3 0 (Lgg = T2 ) = X35
fed Ffq
L2 L2
—md y_ oy e (L -Tmg )= X' - X_);
w (Lmd - )= (Xd - Xa) 5 mng T a

ffd ffq



N
an
-3

Lid rxé - X, Liq rxé - Xa
o (L -—) =;—;———~— X : w(L - ):[ = X s
kka  Ceeal %G T Xg) kA kka 7 Lep JTIXE =X | Tk
L XYoo~ X L Xr - X
nd _ _d a, mg g 2
L - X ’ L - X
ffd fd ffg fq
t
dekd - XH o _i(é-iﬂ__- — xl! a
1 - 2 ' -
XU+ Kkd Xq + qu g
Y
where Xa,de, qu, X kd and qu are leakage reactancesD

When the abouementicned idendities are used in the equations

for Wd “ond Wq; it is found that:

is

the coefficient of id

‘Al L 4
X (xd - é)(xd - xa) _ "
- = ,
d Xkd d

the cogefficient of de is

Xt o X Xt . 1 I LER.
XY X, (Yd ><a)(><{-jl X_) X X

- a _ . d___ =@
Xed Ardfkd Xed
the cogefficient of iq is
xr o X X' - X
. ( . 20 4 o) I
qu q
the coefficient of qu is
LI L. noo_ "o
Xq Xa (Xq xa)(xq Xa) _ X Xa
- - X
qu quxkq fq

and the expmssions (A2.1) and (A2,.,2) are simplified to Eqns. (B8.32)

and (B.33).

The ratee of change of secondary flux linkages are found by

eliminating the secondary currents from the voltage Egns. {(8.13) to



[
9
jes]

(8.16).,
From Egns. (8,13) and (8.21)

P¥ed = "Veg = Traleg (A2.3)

An expression for 1 is obtained by eliminating i from Egns.

fd kd
(8.19) and (B.21), as
&l p
i = Vg - %) o [(w X ¥oX )
- - ' _ -
fd (Xd Xa)xkdxffd kd" md fd kkd
- de Lkdld ] (A2.4)
while rfd can be written as
-— 1
Tog = (er + xmd)/wTdo (A2,5)

The expressions in Egns. (A2.4) and (A2,5) are substituted in Eqn.
(A2.3) to yield Egn. (B.34) as the final expression for p¥e e The

expression for p¥Y in Egn. (8.35) is found in a similar way.

fg

The secondary current i__ is eliminated from Egns (8.19) and

fd
(B8.20) to find
(xv - x_) (Xt = X_)
. d a d a .
i = | ¥ - ¥ - (X' - X )l ] (A2o6)
(¥e -

kd Xkd(xd Xa) L “kd de fd d a’"d

rkd can be written as
— Yt n -
g = (xkd + XY Xa)/wTdD (A2.7)

The expressions in Egns. (A2.6) and (N2.7) are substituted in the

the following expression to find Egn. (8.36): p@kd = = Tpatig

The expmssion for kaq in Egne. (8.37) is found in a similar way.

[ o ] 1 [ = P



APPEMDIX III

THE ACCURATE METHOD  Or  ANALYSIMG 4 D.W.R. MACHINE

From Egns. (8.32) and (8.33), the derivatives of the flux

lirkages ¥ and ?q are found as

d
Xt p¥ pY
pY, = :?— pig + (X; - X)) m fd * 3 kd (A3.1)
2 [ *fa kd
XM pY . p¥, 1
p¥, = ~2 pi  + (X7 - X)) T (A3.2)
. L"fq kq _I
Equating the right hand sides of Egns. (B.11) and (4.24) yields
PY o+ W o+ r i o=v2vyu - Xoi LRi -2 s (A3.3)
d q a”d bd @ d d © q °
The veluos of de From Egn. (A3.1) and Wq from £gn.(8.33) are
substituted inta £Egne. (#.3,3) which then contains the terms
pgfd and p¥ The expressions for these, given by Egne,(8.34)

kd*®
and (8.36), are substituted into the medified Eqn. (A3.3).

After rearranging the terms, an exprsessiorn for pid is found as

pij = ayi, + a2v1q + aSVFd + adefq + aSWkd + aGVqu + a7vbd+ agVey
where
r o%x 9,9
a2 s 4w R, -lnd 173 W .
. - = 1 0] ” 4
1 L a 92T %eg  TagXka® | (X4 + %)
Xy X
%277 XX

jul
1

9 (1 9:%nd ) 9,83 w .
v ] - " (1] 9
S [ *rdTdo Xeo¥rd  XeaXedTho | (XG + %)
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. 2
o = -9 [ W . o ~[. 91 91 %04 w
4 = X i ¥ H = " - f 1] /
Xeq [ %a + % 5 XkdTdo T4 XegXka | (X + %)
_ 9,w V2o 9,
a = = a - o a e mmme——l ——
6 X " 5 " + 9 N
kq(xd + X) 7 (xd X) 8 Xeg(Hg + X)
. woo_ . _- L
where 9, = X Xa : 9, = kq X3
93 = Xé - Xq ; 94 = XI - Xa;
Similarly
. . R . w
plq blvs.d + b21q + b3v‘x’f,d + bawfq +vb5‘l’kd + bs"kq + b7qu+b9qu
11 5
. Xd + X
1 X o4y X ?
sz 9,9
P2 = - [ra PR SRS i X))
9% 'go”rg” kq'qo” g *
b, = i
7= " 7
3 XFd(Xq + X)
9 9, X 9,9
by = [T' i [l * x2 ; ] X i 4T" ] zy% + X)?
go fq kq fqg kq fq qo q
9,0 92X 9
b o= 1 b = 2 mg _ 2 6] ;
- T $ - = ] n "
5 xkd(xq + X) 6 gaquXFquq quqO (xq + X)
9,w - VY2 w
b = - TS b = ° b = 0.0
9 X xXn X) ? 7 X" X) 7’ 78 ¢
g %) (X8 x)
1 1= i { y g
Also PY ey c iy 021q + CSWfd + C4£Fq + CSka * og¥g * CoVey
. 9% mg o - [1 , 81%ng ] 1
= ¥ s ot ) ?
booogTh0v 5 *d¥ea d Tdo
g, X
1 _md 5 _ .
Cg ,cz-c4-06_0907-l,

]
93746 kd
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fal)
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g * 3% * oYy
93 . . - 1 .
1" 5 - - ) 9
TdoXey 5 Tdo
= 0.0
4¥eq * Te¥kq
94 ° f‘ — l °
=T oy § 6= ™ T&
qo g go
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APPENDIX IV

LINEARISING THC EQUATIONS FOR_ SMALL _PERTURBATIONS

when the external tie-line reactance is lumped with the alter-
nator's armature leakage reactance, the axis components of terminal
voltage as given by Eqns. (8.,11) and (B8.12) become the axis com-

ponents of infinite bus voltage so that

+ v¥ + v i (R4, 1)

v d g a~d

bd: pq{

= V¥ Wy '
qu v&d + p._q + ralq (R4.2)

vhere Wd s Wq are modified flux linkages associated with the infi-

nite bus voltage,

The above equations are simplified if it is assumed that the
transient changes are slow in relation to thea.c. cycle. This
implies that the frequency of small oscillations superimposed on
the variables is much lower than the system freguency of 50 Hz.
In fact, for steady-state stability studies the highest frequency

of interest is about 2 Hz and hence the assumption is justified.

Neglecting the p¥ and qu terms and assuming that

d

v = w = constant, the above eguations can be reduced to:

Vg = w¥, o+ oz i (R4.3)
= - = i Ad.,4
v de Palq ( )

and the expression for the electrical torque becomes

2 2

1 . . . .
T 4 - - R4,.5
. 5 (qulq Palgq * Vpaly rald) ( )



263

If the machine position is B8 = wt - & and wt is the position

of the synchronously rotating reference axis, then it can be .

shown3’4’22 that
Vg = Vp8ind = Xq(p)lq T dg o+ Gq(p)v‘cq (Ad.6)
Vog = Vb cosd = Xd(p)ld + i - Gd(p)vfd (A4, 7)
1 . . .. . .
Te = -3 ((vbcosé - ralq)lq + (vbulno - rald)ld) (h4,8)

Egns. (A4.6) to (R4.8) are linearized for small perturbations around a

steady equilibrium point, denoted by a subscript o to

v, Ccosd_.Ab = Xq(P)°Alq + 1 AL L+ Gq(p).Aqu (A4.9)

b d

~vpsinb_.Ab = - %ﬁp).Ald + ra.Alq - Gd(p)'Avfd (h4,10)

1 . . . . .
ATe = - ((vbcouﬁD - r i )A:Lq - (vb51n60.A6 + ra.Alq) i

a“qo go
+ (vb81n6O - raldo>Ald + (vbcaséo.Ab - ra.Ald)ldO) (AR4.11)
The expression for mechanical motion is
T =T = Jé%mt -8) =T
m e i
which ean be reduced for small perturbations, to
ATJ_ E=-a JpzoAb
and AT = AT, + AT (h4,12)
m i e

The "input transformation" equation (9.1) is obtained
by combining Eqns. (A4.3) to (A4.12) , and putting

v

\Y

bdo ba®1in%,

v

H]

bao qucoséo

~=—000~=~
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APPENDIX

VALUES OF A (p) FOR GENERATOR ANGLE 0,

A small change in i b, iq causes a change AD in the

d’ t

terminzl load angle, where
& — 1 7 i | 3
86, = Al(p).Ald + Az(p).Aé + Az(p).Alq (9.10)

The relationship between ét and quantities id,G,iq is found from

the fact that

tanét = Y

—bd__._...g._.g_ (A5.l)

Partial differentiation of o, (see Eqn.(A5.1)) with respect to

17 5 and lq gives
ald) 8 (&) o (b))
Aét = aid .Ald + 56 < A@ + a iq .Alq (AS.Z)

If the right hand side of Egn. (A5.,1) is partially differentiated

and compared with Egns. (A5.2) and (9.10) it is found that

AT(p) = - XV /V2y

(A5.3)

H
—_
<

Ay(p)

@]
el N N e e e s

AL(p) = X_V /Y2y
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