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ABSTRACT standing of the stabilizi:i requirements for such
_— . systems, By examining a de range of system
The phenomena of stability of synchronous and machine parsmeters ard probing into causes
machines under small perturbations is explored by and effects, a logical set of guide rules and con~
examining the case of a single machine connected cepts is developed to explain the nature of the
+o an infinite bur through external reactance. problem and to arrive at a set of recommerdations
for stabilizing through excitation control. In
The analysis develops insights into effects order to limit the scops of this paper, the ex-
of thyristor-type excitation systems and establishes citation system investigated is one which could
understandings of the stabilizing requirements for be characterized by a small time constant of
such systems, These stakrilizing requirements between 0,03 and 0,05 secs. which is typical of
include the voltage regulator gain parameters as thyristor type systems,
well as the transfer function characteristics for
a machine speed derived signal superposed on the The method of analysis of course can eazily
voltage regulator reference for providing damping be extanded to excitation systems with different
of machine oscillations. dynamic characteristics, It is believed that
from this analysis covering a wide range of con=
INTRODICTION ditions for the single machine case, one can
pro ject recommerdations for stabilizing machines
The phencmenon of stability of synchronous in mltimachirs systems,
machine operation has received a great deal of
attention in the past and will receive increasing DYNAMICS CF A SINGLE MACHINE CONNECTED
attention in the future. As economies in system T0 A LARGE STSTEM = FUNDAMENT AL COMCEFTS
design are achieved with larger unit sizes and
higher per unit reactance generating and trans- Block Diagram Relations
mission equipment designs, more emphasis and re-
liance is being placed on controls to provide the The phenomena of stability and damping of
required compensating effects with which to offset synchronous machines for the mode of small per-
the reductions in stability margins inherent from turbations can be examined with the aid of block
these trerds in squipment de;ignl. diagrams relating the pertinent variables of
electrical torqus, speed, angle, terminal voltage,
Concurrent with these trends are improvements field voltage ard flux linkages. The relations in
in calculating methods and computing capability the block diagrams discussed in this paper apply
‘which permit predicting complex dynamic ef- to a 2 axis machine representation with a field
fects2s 2sbs 5, providing the msans for designing cireuit in the direct axis but without amortisseur

control equipment with the proper characteristics. effects, Although a more rigorous representation
should include amortisseur or solid iron eddy

Among several aspects of stability of synchro- currant effects in both axes, this simpler repre—

nous machine operation, an important one is the sentation is suffictent to establish the basic

mode of small perturbation stability referred to as effects ad develop concepts.

steady state, dynamic or donditional stability.

Increasing attention has been focused recently on The basic phencmenon in question is the
the effects of excitation econtrol on the damping of stability of the torque=-angle loop, i.6., the
oscillations which characterize the phenomena of behavior of the rotor angle and speed following
stability. In particular, it has been fcund useful a small disturbance such as a mechanical torque
and practical to incorporate transiemt stabilizing disturbancs, Although the whole sub ject can be
signals derived from speed, terminal frequency or and has been explored by various stagility analysis.
peweréﬂ superposed on the normal voltage error technigques such as Routh's criterion®, eigenvalue
signal of voltage regulators to provide for ad- analysesb, etc., considerable value is found in
ditional damping to these oscillations. analyzing the phenomena in the light.of slememtary
sesvomechanism and frequency response theory,

This paper deals with an analysis of tne thereby developing an insight into the basic
phenomena of stability of synchronous machines elemsnts that cause various effects.
under small perturbations by examining the case of
a single machine connected to & large system We will attempt to relate the familiar con=-
through external impsdance. The object of this cepts of small perturbation stability of a single
analysis is to develop insights into effects of machine supplying an infinite wmus through external

excitation systems and to establish an urder- impedance to the element s and relatiocns shown by
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the block diagram of Fig, 1. These relations and
block diagram have been treated previcusly in
ref, 9. The parameters in these relations are
listed in Appendix A. They are derived by small
perurbation analysis on the fundamental synchroe-
nous machine equations, and hence ars functions of
machine and system impedances as well as opsrating
point,

The parameters of Fig. 1 are defined as
follows:

aT
L 333 ~ change in elsctrical torque
B! for a change in rotor angle
with constant flux liniages

in the d axis,

AT

K, = AE---—e = change in electrical torque
q s for a change in d-axis flux

linkages with constant roter

X! «+ X
d
K3 = impedance factor = f&—;?f for the case

where the extsrnal impedance
is a pure reactance IQ.

K, - %—- —69 = demagnetizing effect of a

3 a change in rotor angls.
A’t
K5 "o = change in terminal voltage
E! with change in rotor angle
q for constant E&.
A't
K6 v = change in terminal voltage with
Q] change in Ec'; for constant
rotor angle.

T dé = field open circuit time constant

= K.T¢

'rés 1740 = effective field time constant

under load,

It is important to recognize that, with the ex=-
ception of K3 which is cnly a function of the
ratio of impédances, all other paramsters change
with loading, making the dynamic behavior of the
machine quite different at different oparating
points. Since these paramsters change in rather
complex manner, it is difficult to reach general
conclusions based on parameter values for ons
operating point enly,

Perfaormance with Constant d=axis

Flux Linkages

Returning to the block diagram of Pig, 1, let
us first look at the portion shown in Fig. 2,
which is psrtinent for the condition of censtant
flux linkages in the d-axis,

This portion shows a torque-speed-angle loop

which gives rise to a natural period of oscillation
377 K
w, - -—T-z‘- rads/sec, Neglecting damping dne to
elsctrical load characteristics, we note that this
torque~speed-angle loop is a pure oscillator with
zero damping much like a spring-mass system, The
lighter the machine (smaller M) and the higher the
transient synchronizing power coefficient K , the
higher is the oscillation frequency, From the
relations in Appendix A, we note that Xy is de~
creased by increasing system and machine reactances,
It is also affected by machine loading in a some-
what peculiar manner due to transient salisncy
effacts,

In most practical cases K is positive
glving rise to oscillations, %t is possible in
very umisual cases of very long ties and relative
high loading on these ties to have X; go negative,
In these cases, even if we were to maintain
constant flux linkages in the d-axis, the machine
would be unstable in a real reot stability sense,
i.e., the machine angle would run away monotonie
cally and exponentially with time, Although

with special stabilizing in the control of excita=-
tion, it is possible to render some of these
Systems stable, they are primarily of academic
rather than practical interesst,

Damping Torques, Synchronizing
Torques - Damping Ratio

Before introducing the effects of field
losses and excitation control, it is desirable
to develop a few simple concepts relating the
behavior of the second order system of Fig, 3
which introduces a damping term D,

In this system, damping is provided by
developing a regative torque mroportional to and
in time phase with speed (pé). The resulting
characteristic equation is

Ky 377
eDysel L (1)

glving rise to damped oscillations with frequency

0, )/l-jz and damping ratie j

o £1377 -2 D
"’n)/l/ﬁmj 2 XE ™

Ore form of instability is approached as the
damping ratio goes to zero. For normal value. of
damping ratios, the frequency of oscillation is
not materially different from the value for zero
damping ratio. Por conceivable ranges of inertia,
impedances and loading values, this frequency of
oscillation will be in the neighborhood of 0.5 to
2 c.pes. with the possibility of extreme valnes
of up t0 4 c.p.S. at the high end and 0.1 c.p.s,
at the low erd.
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At this point it is appropriate to introduce
the concept of synchronizing and damping torques,
At any given oscillation frequency, braking
torques are developed in phase with the machine
rotor angle amd in phase with the machine rotor
speed, The former are termed synchronizing torques
and the latter damping torques, The torque oscil-
lations developed by any particular means can be
broken down into these components for an insight
as to their effect on stability.

Stability can be endangered by a lack of
either or both synchronizing and damping torques.
The traditional stability criterion with which
industry is moe=t acquainted concerns the tests for
positive synchronizing torgques which determine
whether or not forces will be set up to restore
the rotor angle of the machine following an
arbitrarily small displacement of this angle. No
correspondingly simples guide rules have been
developed to test for the possibility of another
form of inetability which would arise for cases
where damping torques became rsgative. This
latter form of instability is becoming increasingly
important as machine stable operation is more than
ever dependent on automatic control of excitation.

Performance with Constant Field Voltage

Introducing now the effects of field losses,
we refar to the block diagram of Fig, L which adds-
the armature reaction terms expressed as a de-
magnetizing influence with increasing rotor angle
through the block K.

Examine now the centribution of torque dus to
this effect shown by the dashed lines in Fig. 4.

The effact of this component, of torque can be
described by the expression

ar) L. hb (2)
L}
AS 1l STd°K3
due to
1
AEQ.

These coefficients are always positive, hence we
note that at steady state or zero oscillation
frequencies, this demagnetizing component of torque
is - (K3 K Kq) 88 which is opposed in sign to the
transient synchronizing component discussed in the
previcus section, + K,Ab.

The familiar steady-state stability critsrion
with ccnstant field voltage defines the stability
limit as the condition for which the steady-state
synchronizing power cosfficient Ky - Ky xh Ky is
z8r0, :

We note that at very high oscillation f{requen-

1 1 1
cies,w>>m <note eK—B-—T-é-o- T;;) , the

phase angls of the torque component in question
given by (2) is plus 90° which means that at these
high frequencies, these torques ars almost entirely
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damping torques. The magnitude of the torques,

of course, gets attenuated with increasing fre-
quency. For typical machine and sysiem rvarameters
resulting in oscillation frequencies of about

1l ¢c.p.s., the field would only comtribute a
damping ratio of between 0.03 and 0.05.

In terms of time damain behavior, the series
of tracss in Fig, 5 help describe the significance
of the variocus effects dircussed so far. The plots
are the time response of machine angle following
a small step change in mechanical torque.

Fig. 5(a) shows the case of constant E} and
K1=> Q establishing the characteristic oscillations
with zero damping. As memtiored before, damping
due to load characteristics is neglected in these
discussions.

Fig. 5(b) shows the effect of the field de-
magnetizing resulting in the same type of oscil-
lations with slight damping superpesed on a mono-
tonic drift as the machine establishes new steady-
state flux level conditions., This case is for
Ky - X K, Xy =0, i.e,, the machine has steady-
states stability or stability under close manual
control in the traditional sense (positive zaro
frequency synchronizing power coefficient).

Fig. 5(e) illustrates the angle response for
the case where the machine is operating with
constant field voltage beyond the steady-state
limit., Here we contimue to see the oscillationss
however, they are superimposed on a monotonically
unstable component. For such an operating poimt,
stable opsration can only be achieved by super-
imposing the effects of excitation comtrol which
cancel cut the unstable monotonic comoonent.
Operation in this region under regulator conmtrol
has been referred to as operation with dynamic
stability or conditional stability. Providing
stability by excitation comtrol requires cane
celling out the monotonic instability without
deteriorating damping or giving rise to negative
damping. These effects will be discussed in the
next section,

Finally, Fig. 5(d) shows the behavior for the
rare case where K1 is very small or negative and
the system manifests instability without oscil-
lations even under assumption of constant direct
axis flux linkages, E'q.
EFFECTS OF VOLTAGE REGULATCRS

Block Dia Relations

The effect of the voltage regulator on damping
and synchronizing torques will now be analyzed by
refarring to the block diagram of Fig. 4 where the
additional necessary relations be‘ween E§ and ey,
$ and ey, and Egyq and ey have been included.

In this treatment, we are considering a simple
voltage regulator - excitation system

ey K
i.e., -A-;;- - TT8T, (3)
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with a gain X, and small time constant T, as might
be typical of thyristor type exciters,

By msans of small perturbation analysis, the
terminal voltage deviations de¢y can be related to
changes in angle A8 through the Froporticnality
factor K5 amd to changes in flux linkages AE§ by
the proportionality factor Kg.

From the relations in Apperdix A, it can be
seen that Ky is always positive although its
magnitude gets reduced with loadirg (lerge machine
internal angles) and with small external impedances,
The constant K5, on the other hand, can have sither
sign and considerable range in magnitude depending
on the impedances and the operating condition.

This varistion in the parameter K5 has considerable
bearing on the effscts on damping of voltage regue
lators, Before developing insigzhts into these
effects, let us analyze regulator gain constraints
from other considerations,

Regulator Gain Constraints

Cne important criterien of voltage regulator
performance is its operation with the machine on
oven circuit for which case machine angle has no
significance. The regulator-machine loop is
therefore described by the block diagram of Fig, 7.

For well damped performsnce of this regulating
looplo, it is desirable to maintain the crossover

frequency less than -2-.1-.1— which would mean that the
e

T,

gain K: sheuld be approximately less than ETd—° .
3

For an exciter time constant of 0.05 sec, and open
¢ircuit field time constant Tay of 5 sec., we note
that it would be desirable to hold the regulator
gain to less than 50 due to these open=-circuit
performance considerations,

It should be noted that the fain we speak of
can be interrreted also as the transient regulator
gain, Since it may be deeirable, from a steady-
state regulation or droop consideration, to have
considerably higher regulator steady state or d.c.
gain, the desired transient gain reductign c;n be

+*
15
obtained with a series lag-lead network
l+ 728

T - ——tTansient gain
where l/-l-2 Steady state gain °F alternately

with rate feedback from exciter voltage,
By selecting -,i.-l as considerably lower than
1

the crossover frequency, the effects of concern are
not sigmificantly different if the assumption is

K
made that the regulator is represented by T+ :ls"-r
£
K 2 1+ STl)
rather than by 37 = where
2 4

Koy = Ko Tl/'rz is the transient gain,
The

One more point of interest is in order,

regulating loop, as described in Fig. 7, also haa
significance with the machine under load, This
loop by itself descrices the closed~loop sffacts
of voltage as affected by flux changes only, i.e,,
with no charges in angle, Under loaded conditions,
this loop is given by the block diagram of Pig, 8,

Ae
The machine function EE is now
£d
de . 9%.4
1 4
Z VLT ()
£d do™3
which can also be expressed as
te, i T (5)
Er¢:1 1+ c'lz
Disregarding the effect of & which can vary

from about 1 to a considerably lower value
(occasionally for very high external reactances
combined with heavy shunt resistance loads Xy
can be slightly greater than the open cirenit value
of 1), we note that the effect of the shortar field
time c;n?unt under load Ty} is offset by the lower
gain T_?_z 80 that the closed loop response of this
do

voltage component regulating loop umnder load condi-
tions is not materially different from the closed
loop resronse on open circuit.

As & flrst approximation using familiar fre-
Quency response analysis techniqueslO, this closed
loop resronse between the terminal voltage com-

ponent due to flux changes and change in voltage
reference can be described by two time constants
T
in series, ome squal to E{-‘l and the other equal
)
to Tt.
sey ~ K.Kg —rr
Ae ~ ' !
t ret do
(L/xq + x¢x6)<1 +8 m) (1 +st)
$ = constant
~ 3 (8)

Tt

do
l+8 =) (1+87)
< K:K6> [

for large K,




Similarly
AEC" K

s~ £

t ref 1 do
$ = constant

- 1
-~ %40
K6<l + 3 E:K;> 1+ ST‘)
for large K‘

(7

Voltage Regulatar Effects
on Machine Stability

Camparing the block diagram of Fig. 6 with
that of Fig, 4, we note first that, with the
voltage regulator in operation, the demagnetizing
component K A4 causes a greatly attenuated effect
relative to that which it had with no voltage
regulator. That is, if we compare the expressions
for change in electrical torque for a change in
angls due to this demagmetizing action, we have

-5, KX
aT .
&% " TesT, K (8)

3

in the case of no voltage regulator, and we previ-
cusly described its effects in terms of field
damping and negative synchronizing torques.

For the case with voltage regulator, this
particular component of torgue becomes approximately

fr—r (9)
Q
ché <l»* S K—xg)

When compsring expressions (8) ard (9), we note
that at low frequencies (9) is considerably

smaller than (8) by the factor E—%;g; , while
[
at very high frequencies, the two expressions
approach each other., The sigmificance of these
facts is that the steady-state negative component
of synchronizing power coefficient is practically
eliminated with a voltage regulator with fairly
high gain. Meanwhile, since the effective time
)

T
constant has been reduced from T to =40 the
dz xax

damping component of tordque due to this effect is
correspondingly reduced, i.e., the phase lag
approaches 90° for considerably higher oscillation
frequencies,

Now that we have disposed of the component of
terque produced by the K, branch in Fig, 6 as
rather negligible and contributing only slightly
to damping, let us analyze the contribution coming
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through the branch Ks acecumting for the effect
of angls on terminal voltage. This terminal
voltage in turn affects the flux and torque
through the closed voltage regulator loop.

The component in question is described by
the block diagram of Fig, 9.

The exact expression for this component of

torque due to a change in angle ard its effect
on voltage is

i, Kfets
48 (L/Ky + EK,) *+ S(T, /Ky + 1Y) + STy T,

(10)

Using the approximate expressions for the
closed loop which apply for the umual range. of
constants in question, this becomes

.K2§5

= T ()
K6(1¢5m> (1 +38T)

&l

Finally, including the mxevious component
produced by the K, branch, the demagnstizing
effect of angle, we have the ccmplets expression
for changes in torque due to changes in angle
via their effect on E!

q
é% - ‘Kz{.E‘sxs ‘E_IJ * ST:KQ} (12)
3 1/11;3 - xtxé + 8 ('r,/K3 4 Tgd) + szTéoTe
due to
\
] AEq

Examine now the synchronizing and damping torque
contritutions from this expression for different
oscillation frequencies:

Synchronizing Torques

This torque is the ccmponent in time phase
with angle., Neglecting the demagnetizing effect
through X,, i.s., using the simpler expression
(10), we Hote that this synchronizing torque
componert Tg at oscillation frequency w is:

‘xzxsxs

* KK, = mzrt'io'r:

8 1
l/x3 A (13)

-rzx K5A6
F low frequeacies T, = =
or very s 1.7,;3 + KgX,

-K2K A&

~ -—K_L- for high values of K .
6

We note that with Ke positive this synchro-
nizing camponent is nega\s.ive. This is of no

particular concern as for those cases where Ks
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is positive (low to medium externmal impedance and
low to medium loadings) X; is usua.llyxhigh so that

the net synchronizing component Kl - Tz is still
6
significantly greater than zero,

For K. negative, which occurs for moderate to
high systea transfer impedances, and heavy loadings,
we note that the synchronizing torque component is
positive at low frequencies, This is beneficial

in those cases whers the transient synchronizing
coefficient Kl is low or negative, or where the
steady-state synchronizing coefficient without
regulator Kl - KZKLKB is negative.

As oscillation frequencies increase and ©?
/%, + KX
approaches —T—'-?——‘ , We note from expression
do “e

(13) that the synchronizing torque becomes infinite,
and for even larger frequencies it reverses sign,
Actually before this can happen, the oscillation
{requency becomes very high and instability develops
tecause of negative damping.

Dam Torques
From expression (11), we see that the damping

torque component Tp due to voltage regulator
action is

KX Ks (Te/Rq + rc'_lg) w
2 23
(kg + kX, = w®1,,7,)2 + (To/ky * Tgo)

A% W

This component gives positive damping whenever K5
is positive, tut for a large rmumber of cases
where Kg is negative, it contributes negative
damping. Further, we note that, with K: negative,
increasing K, increases the magnitude og negative
demping causing instability. However, at the
other extrems with zero regulator gain, we only
get the small amount of field damping described
before, '

We thus have a conflicting problem. In those
cases where K. is negative and which are generally
the cases invglving stability problems, a voltage
regulator is of major help in providing synchro-
nizing torques and curing that part of the sta-
bility problem. However, in so doing it destroys
the natural damping of the machine which is small
to start with.  The recourse has beem to have
Just enough regulator gain to provide synchroniszing
power coefficient without canceslling all of the
inherent machins damping.

This can be a satisfactory solution in most
cases; however, there can be instances where sta-
bility is provided by the regulator with very
poor damping, making opsration extremely oscil-
latory. In some special cases of very long lines
requiring operation near the line limit, the solu-
tion is %o have a fairly highr regulator gain to
provide the necessary synchronizing power coef-
ficient, In these cases, one effective way to

solve the damping problem is to provide a special

stabilizing signal derived from machine Steed,
terminal frequency, or power,

Recognizing that the mroblem of damping can
be solved by auxiliary means remcves scme of
the constraints placed on regulator gain, However,
as was noted before, there remain the regulator
gain constraints explained in the section titled,
"Regulator Gain Constraimts®, Since thars are
fixed relstionships between the variables, speed,
terminal frequency and power which can be used to
relate the requirements of one signal in terms of
ths requirements of another, we will confine our
analysis to use of signals from machine rotor
speed, It is recognized that the use of any
particular signal in prefererce to another will
depend on hardware and implementation considera-
tions cutside the scope of this paper.

STABII.IZIM} SIONALS FROM SPEED
Phase and Macmitnde Relations

The stabilizing signal requirements to pro-
vide damping through transient manipulation of
the voltage reference in response %o speed can be
derived as follows, Fig, 10 shows the slements
of the system in question relating the effact of
speed through the stabilizing function G(S)
through the voltage regulator loope affecting AE"z
which in turn produces a component of torque

Mygqe

The question is: What should be the nature
of G(S) to provide adequate damping over a wide
range of machine ard system paramsters ami opera-
ting conditions?

The over-all function between the component

of torque produced by the stabilizing signal and
speed is

AT! . G(S)sze
T Bgengy s T sy,
(15)
For the usual range of constants, this
function can be approximated by
A‘rai£~ (:‘1-(8)1(21(c _
pb =~ TY
. do
(1/1(3 * KK <1 +3 ET,'5> (1 +st,)
(16)

For large values of Kg this expression can be
further approximated by

Mag & &(s) (17)
PP T Ky Tao
l*rsk-é-iz>(l+5'l'=)

- —

(Foap Y




AT
If we wish —5?5 to provide pure damping

throughout the frsquency range, then G(8) ideally
should pe a pare lead functicn with two zeros,
1.e., G(S) = K1 + S Tdo/ggx,) (1 * ST¢). Such a
function is not physically realizable and further
we do not wish to have a permanent stsady-state
effect of speed on the voltage reference, Hence,
the stabilizing functicn should be soms compromise
function which provides damping over the spectrum
of expected frequencies of oscillation, i.e., 3
function with encugh phase lead to compensate a
significant part of the phase lag contributed by
the machine and regulator.

Reverting back to the concepts of synchronizing
and damping components of torque, we note the
following. If at a given frequency of oscillation
®, G(%) has more lsad angle than the lag angle of
the machine function

v

AT "2‘:

&
oy rer  (L/Ky + KgFg)+ 30(Te/ky * Tio)™ w'TioTe

which far large Kc is approximately equal to

K
2
Kgll + v T&o/xéxt) (1 + jut,)

being less than 90°), then in addition to the
damping component, we have a negative synchronizing
component., the magnitude of these two components
being related to the sine and cosine of this dif-
ference in angle. That is, 1t the lead angle of
G(S) be 6 at a given frequency of oscillation w,
and the lag angle of the machine-regulator function

8T ve v at this same fresquency. Then the

ref

relative magnitude of the synchronizing torque Tg
to damping torque Tp at that frequency froduced by
the stabilizing signal is

(this difference

T
S i - 9)
"f; - 202 57 - 8) (18)

Since it is very difficult to synthesize a
function which will provide exact angle cancel~
lation for all conditionms, i.e., having © = v at
all points, and further sinee the stability
problem is often helred by providing some synchro-
nizing component, we come to the following con-
clusions relating to the nature of the stabilizing
signal function.

1. At low frequencies of oscillation which are
indicative of weak synchronizing torques, one
should strive to hold © leas than v, or if
this is not possible, at least keep @ close
%0 Y. At these low frequencies, the machine

AT
regalator function 'A?g has small lagging
t

phase angles, hence the stabilizing function
should correspordingly have small leading
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chase angles, As was mentioned before, a
pedium~high regulator gain provides synchro-
nizing torques through the regqulator by
virtue of the effect of angle on terminal
voltage Ks, Hence, what should be attempted
at the low frequency range is to provide
damping without appreciably mrting the
synchronizing tordque.

2. At the high extreme of the spectrum of
frequencies of oscillationm, there 1s no
particular danger to subtracting from the
synchronizing component, As a matter of
fact, since the machine-regulator function's
phase angle becomes inereasingly lagging
with increasing {requency whereas, because of
hardware limdtations, the stabilizing function
ceases to provide increasing phase leads at
these higher frequencies, it is natural to
axpect 6 to be less than v, However, in this
range of frequencies (y-8) shoald not be =0
large as to add significantly to the synchro-
nizing component with its attendant effect on
increasing the frequency of oscillation. As
long as the difference between the machine
regulator lag and the phase lead for the
stabilizing function is within 130° for the
frecquency spectrum of concern, acceptable
results are obtained.

Stabilizing Signal Constraints

Thare are several constraints that have to be
observed when prescribing a stabilizing signal
design that will be physically realizable and
desirable from other considerations. These con-
siderations and constraints are:

1. The signal should not produce a steady-state
of fset of voltage reference with frequency,
hence it mist approach a pure rate signal at
very low frequencies.

2, Lead functions can only be realized with lead-
lag pairs, and there is a limit as to how
small the lag time constant can pe. It is
conservative to assume that this lag time
constant cannot be smaller than 0.05 sec.

SEARCH FOR UNIVFRSALLY APPLICABLE
STABILIZING FUNCTION

e A e e s

General Aporoach

The insights that have been developed into
the problem of providing damping from stabilizing
signals may convincs one that there is no way of
developing a universally applicable stabilizing
funetion that woald be optimal for & wide range
of machine and system parameters, and operating
conditions. However, even if not optimal, it
would be highly desirable to have a signal transfer
function which would provide damping in those
cases where it was badly needed without deteri-
orating damping in those instances where there
was no particular need for providing supplementary
damping.
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The single machine against infinite bus
analysis outlined in this paper has been used to

explore a variety of conditions of a single machine

with different parameters and loading conditions.
For each of these conditions there are any rumber
of functions which provide adequate damping simply
by having the right range of megnitude and phase
at the particular frequency of oscillation of
concern,

By examining the phase and magnitude of these

functions as related to the frequency of oscillation

that was psrtinent for the particular case, we
arrive at bands of phase anglee and magnitudes as
functions of frequency of oscillation., It turns
out that this bamd falls within ranges for wnich
a general function with a rather well defined
range of parameters serves rearonably well,

Heuristic reasoning permits casting the re-
sults of this single machine analysis to the
general multimachine case, It is known that in a
multimachine situation, there is a wide band of
modes of oscillation ranging from those between
tightly coupled light machines to those between
groups of machines separated by long ties., It is
reasonable then to expsct that 4o be effective in
the general power system environment, the stabi-
lizing signal on any given machine accommodate
this wide range of possibilities. Further, from
a practical standpoint, it is essential that the
range of adjustment not be critical since systems
change from month to month as do operating con-
ditions,

Range of Single Machine Cases Studied

The parameters Kl, Ky K3, K, , Ko and Ké,
defined in Appendix A, were calcuia.te for a
mamber of cases,

Two system configurations were studied. One
was described by a single machine supplying an
infinite bus through an external impedancs,

Fig., 11(a). Tsble I describes all the different
combinations of parameters and loading explored
with this system configuration.

Table I
Single Machine againest Infinite Bus

through External Reactance -
Terminal Voltage = 1,0

. External Machine
Machine Inertia Reactance Loading
Type H X P+ 3Q

Hydro, 1.5 and 5 0.1, O.4, 0.1+30, 0.5+30,
Steam 0.7, 1.0 1+30.5, 1+40,
1‘3005

The machine constants that were used are:

Hvdre Steam
b4 4 1.14 1.6
I Q.24 0.32
xq 0.66 1.55
Tyo 12 é

The second configuration attempting to simi-
late the condition of a system supplying local
load connected to a large system through a weak
tie is shown on Fig. 11(b).

Table IT lists the different combinations of
parameters explored for this configuratiom,

Table IT
Machine External Machine
Type Inertia Impedance Loading
R om rex
1.0 1.0 1.0+30, 1.5+30.3
1l,5-30.3, 0.5+30.3,
Steam 1.5, 5.0 0.5~30.3
Hydro 5.0 1.0 1.0+30, 1.2+0.1,

1.2-30.1, 0.8+30.3
0.8-30.3

Guide Bules for Stabilizing Function
Phase and Magnitude Recuirements

Az developed under the section titled, "Phase
and Magnituds Relations", the lead phase angle of
the signal G(S) at a particular oscillation
frequency, w, required to provide pure damping at
that frequency would be equal to the phase lag of
the expression

AT - . Kk, :
be Ko+ N - -
trer  L/K3*KKe*S (Te/gy* 11 ) sy 1,

(19)

The phase angle of expression (19) as well as the
reciprocal of its magnituds, A, for the frequency

37 .
of oscillation w = y)/ —LIT— rads was calculated

for the various cases listed above using the ex-
pressions for the coefficients Kl to Ké in
Appendix A.

As far as a criterion for the required magni-
tude of the signal is concerned, we could s—bi-
trarily select a magnitude of this signal that
would result in a damping ratio of 0.5,

Referring to the torque—angle characteristic
equation
K, 377
52¢D/HS+_1T-0 (1)

where D describes the gain of the damping term
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AT 3
-2 - El.__ ;?..} —D
=l we note that w, ¥ and 22/713_577 .

For a constant damping ratilo, say/ = 0.5,
. K377
we have D =377 EH = 4 —Sg— = Mo .

The magnitude of the signal that would be
required would then be A YEK.M 377 or AMw where
A is the reciprocal of the magnitude of the function

AT @ o .}ELEZZ )
Aet ref M

The veltage regulator transient K. gain was
taken at a good compromise value of 4 Tdc'» .

Fig. 12 is a scattsr plot of the desired
magnitude AMw of the signal versus frequency of
oscillation w as dictated by “he above critarion.
Points for cases with the system configuration
of Fig. 11(a) are marked with xx, whereas those
with the system configuration of Fig, 11(b) are
marked with dots.

A composits plot of phase angle dictated by
the above idealized criterion for all cases in-
corporating the two configurations is shown on
Fig. 13, Again xx are points corresponding to
cases with the configuration of Fig. 11(d), whereas
dots correspond to those for the configuration of
Fig. 12(b).

It is imteresting to note the ranges of the
scattsr plots for the two different configurations,
Most stability problems are characterized by
oscillations at the low end of the spectrm and at
this end, the stabilizing function reeds little
phase lead, This confirms the results of several
studiss which were concerned with long distance
transmission problems.

On Figs. 12 amd 13 we have superposed plots of
magnitude and phase, respectively, for two stabi=-
lizing functions discussed in the next section.

Stabilizing Functions Studied -
Analog Computer Resnlts

From the general shape of the scatter plots
of the ideal stabilizing function by the above
criterion, and guided by the understanding of the
many effects davelopad in previcus sections,
eeveral stabiliging functions were tried on the
system of Fig, 1 simulated on an analog computer.

These analog computer studies confirmed with
time domain results the general findings of the
frequency response analysis. In particular, these
results were valuable in obtaining a calibration
on how far from the ideal values of AMw and g the
magnitude and phase angle of a stabilizing function
could be without adverse effects.

The nature of the scatter plots shows that
jdeally the function should have little phase

Page S

angle in the frequency range of 1 to 2 rads/sec,
and then have a rapidly rising phase angle as
the frequency of oscillation increases to about
15 rads/sec, or so,.

The megnitude and phase angle of the funetion

88y ref - 608 (1 + S/g + 52/614.)
pé (1 + 38) (L + S/20 + 82/400)

is shown on Figs, 12 and 13, respectively. The
function in question is made up of a rate term
with long washout of 3 sec, series with a com=
plex pair of zeros (w_ =8 « 0.5) and a complex
pair of poles (wg = "20,} = 0.5).

On Figs, 12 and 13 we also have plotted the
magnitude and phase of the function '

8¢ rer 603 (1 + 5/8)?
P 1+ 38) (1 +8/20)2

which is similar to the previcus function except
for a damping ratio = 1.0 which turns the
zeros and poles to real values.

Figs, 1L amd 15 are sample results of the
analog study illustrating some significant aspects
of the problem, The traces are deviations in spee
for a small mechanical tor disturbance, Where
pertinent, values of AMw , a8 ideally desired

I8

by the above criterion, have been listed and

noted alongside are the actual phase and magnitude
values of the stabilizing functions S (6 at
frequency w. Parameters Kl through X4 have also
been listed.

Among these paramsters describing machine
dynamics, the most significart ones are
K137'7
=== KS and Ké. w indicates the fre-

quency of oscillation of concern. Kg by its sign
arnd magnitude indicates the extent to which the
voltage regulator per se helps or hinders damping.
Finally, K¢, as explained in the section titled,
"Joltage Regulator Effects on Machine Stability",
influences the phase lag contributed by the
voltage-regulator loop.

In Fig, li(a) and (b) are shown the effects
of stabilizing with various stz/'ength; of the
KS (1 + S/g + 82/41)
complex function T 38) (L 5720 * 32/2.00)

for the case of a fully loaded overexcited steam
unit supplying & stiff system (Xq = 0.1). Cases
are shown for inertia constants of H = 1.5 and
H = 5,0, All pertinent constants are listed in
the captions.

Pig, li(c) and (d) contains similar results
for the case where the stabilizing function is
composed of real poles and zeros

KS (1 + 5/g)2

T+ 35) (L *5/20)2 °
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Tabls IIT lists the values of w, A!io[g'_and
S [9_ for the various cases of Fig. li.

Table ITI
Case w Mo g s [8 tor K = &0
s .27 8l.. [98° 50 [86°
b 6.17 8l.8 [80.3° 18 [ui.5°
e 12.27 8l.. [98° 50 [52°
4 6.17 8l.8 [80.3° 29 [4a°

These values show that for the light inertia
cases (a) and (c), the first of the stabilizing
functions is more effective than the second, and
this is confirmed by the analog computer results.

Pig. 15 contains results of similar nature
for the configuration of local load with high tdie
reactance (Rg = 1, Xp = 5) with a relatively high
tdle loading of 0.2 + 3j0.1.

The two stabilizing functions are almost
equally effective, This rather extreme loading
case shows that it is possible to stabilize with
a voltage regulator and supplementary speed signal
even though the constant flux linkages synchros
nizing coefficient X; is negative,

In arder to illustrata the effect of voltage
regulator gain on damping, we have included in
Fig., 16(a) and 14(b) results of angle deviations
for a step change in mechanical torque for the
case where no stabilizing is used, Fig, 1l4(e) is
for a case where the parametsr xs is positive =
leading to some berefit in damping with voltage
regulator gain, whereas Fig., 15(b) shows the ad~
verse effects of voltage regulator zain on damping
for the case where KS is negative,

CONCLUDING REMARKS

The =mall perturbation stability character
istics of a single machine supplying an infinite
bus through extsrnal impedance have been explored
by means of frequency response analyses giving

- insights into effects of machine and system para-

metsrs, voltage regulator gain, and stabilizing
functions derived from speed and working through
the voltage reference of the voltage regulitor.

The study has explored a variety of machine
loadings, machine inertias, and system external
impedances with a determination of the oescillation
and damping characteristics of voltage or speed
following a small disturbance in mechanical torque,
An attempt has been made to develop some unifying
concepts that explain the stability phencmena of
concern, and to predict desirable phase and magni~
tude characteristics of stabilizing functions,

It is evident that for every combination of
machine and system parameters, and loading con=-
ditions, there are a variety of stabilizing signal
transfer functions operating on etpeed which give
essentially the right phase and magnitude relation

for the frequency of concern., I is a challenge,
howsver, to find a universal functien which would
be adequate for the whole sprctrum of possidilities,
By examining this spectrum of possibilities over

a credible bard of machine and System parameter
values, as well as loading conditions, 1t appears
that a fair compromise function can te recom-
mended that will be almost universally applicable.

In the general case of a machine in a power
gystem, there are many modes of oscillation between
machines and groups of machines; these modes can
change from day to day with loading conditions and
from year to year with changes in power system con-
figuration. Accordingly, the search for s uni-
versally applicable stabilizing funetion has a
great deal of merit,

For thyristor type excitation Systems .
characterized by a time constant in the nsighbor-
hood of or smaller than 0.05 sec., certain gemeral
conclusions and recommerdations can be made to
cover the majority of applications. These are:

l. A transient voltage regulator gain of about
25 peue AErq/p.y, A€y i3 a good compromise for
a machine with an open circuit time constant
Tdg = 6. An examination of the block diagram
relations and the constraints set by voltage
regulator loop damping on open circuit cone-
vinces us that the most direct way of com=
Pensating for differences in machine open
cirenit time constant is to vary the transient

voltage regulator gain in direct proportion to
this time constanmt,

2, The transition from steady-etate gain to
transient gain can be obtained with cate feed-
back from exciter voltage or with a lag-lead

l1L+7.38 .
2
network 73 X in series with the regulator
transient gzain

where T2/T1 ® Steady-state gain
should be larger than 1 sec,

and '1‘2

3. A stabilizing function operating on speed ami
developing a transient offset: of voltage
regulator reference can be selscted to be
close to universally applicable for a wide
range of machine and system parameters, This
function could be of the form

KS(1 + sT.)2

1T S’TT‘("‘L_TZ. 1+ 5Ty

Aat ref (pouo)

pé(p.u.)
where
T = 2 to 4 sec,
‘1‘1 = 0.1 to 0.2 see.
Tz = 0.05 sec,
and K/ = 10 to 40

pr——y
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This function usually mrovides a significant
amount of damping to the rotor angle cscile
lations., It should not be concluded, however,
that other functions are not equally or better
suited for particular cases, or that stabi-
lizing is mandatory in all cases, Normal
damping forces provided by load characteristics
and amortisseurs are entirely adequate in many
instances,

L. There appears to be =ome corrslation betwesen
the strength of the signal required and the
inertia of the machine, From examination of
several sets of runs where the only difference
was inertia, we conclude that the strength of
the signal should vary approximately as the
squars root of imertia,

5, The need for stabilizing increases with in-
creasing dependence on the excitation to pro-
vide synchronizing power through a high response
excitation sywtem,

These conclusions and recommendations have
been checked out in detailed digital multimachine
simulations, Among sevsral problems being presently
studied are the dynamics under large disturbances
and design requirements of signal limiting. Also
being studied are the relative merits of stabilizing
with terminal f{requency or wiih a signal derived
from electrical power instead of speed,

NOMENCLATURE
All quantities in per unit on machine base,

1 d’i -~ Armature current, direct and Quadrature

T axs component *

&8, - Armature voltage, direct and quadrature
a axie components

e - Terminal voltage

t .
ol -« Voltage proportiocnal to dirsct axis
q flux linkages

Epy - Generator field voltage (one per unit
is the value for 1 per unit terminal

voltage on the air gap line, open circuit)
Xe ’LE ~ Equivalent system reactances

RE - System shunt resistance

S -~ LaPlacs operator, or magnitude of
stabilizing signal

.3 - Angle between quadrature axis and
infinite bus

Per unit speed deviation from synchronous

Electrical torque

Inertia constant, secords

F S ] ari 'g_
[]

< Inertia coefficient = 2H, second=

l‘

2,

3.

h’

5e

fe

T

8.

9.

io.

?ag‘e 1o

D =« Damping coefficient

E - Infinite tus voltage

Subscript o means steady-state value

Prefix A indicates small change
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O - APPENDIX A

For a machine connected to an infinite bus
with voltage E through an external impedance
Te * JXo, Fig. 11(a), assumirg as negligible
amortisssur effects, armature resistance, armature
PV terms and saturstion, the following relation-

ships apply.
etz - edZ . .qz
a4 " Y¥g " =%gig
°q " ‘JId -E&-I& 1d
Eq - E& . (xq - x&) id
T, QEqiq
M e x
id -[Eq - xeosé‘] l‘r 2 J{; " :J)Tl—-
e e g
Te
" Fatn ® rr.2 +(x, * quf]—
- . ) Te
@ iq -LEq « E cos 8] -_T—Er. . (X' R xq)Z]

[ I, *+ X, l
+ E sin g =
2
E:-. . (x, + xq) ]
Eq " XaaTeq = (Xq - T4,
dzl

Tao o= = Bpq - Tated

Ty~ Te =X dt

Expressing all equations in small oscillation
form and preserving the basic variables de, , A!:c'l
and 44 one can derive the following relatidms.

be, = sta + K6AEC'1

.4 K.K, Ab
gf_Erd EWA
QTR T TS

AE )
do 3 do™3

AT, = Kjas + KAE!

whare

anEo
Kl = = | resin 6, ¢ (I‘ + I&) coséoj-b

i B
0 O
- -ST- Exq -Xy) (x, ¢ I, )ein o,

- T, (xq - x&)cosbo_‘

r (X, + X)) (x_-13)
Kzu[-—’-ﬁg.‘iqo(l‘ (] q q )]

A

@, 1) @3 -3
3 ' A

Eo(xd- Xé)
Kh - -—r—-—-}:(x; Xq)sin 60'% cos 6°J

&

reEo sin 6° + (J(g + x&) Eo co_36°>
A

g

Ks'
+

s

e
cx(

L) q

.°I' r.Eo cos 60-(X.*Iq) E° sin 8,
o d A

g -ty HETR)) ew T,
() & A o 2 A

2 .
A = ’:'. * (xe +* I&) (Xq *Ie)]

The steady-stats orerating values of L7 qu,
Ep, e4o and eqo are derived from the « :andard

machine vector diagram. Expressed as function of
steady-state terminal voltace %445 and steady-

state real and reactive load currents Ipo and Iy,
these values are

. 2 2
T /(eto ¢ Tot? ¢ (1)

- - - 2 - 2
E, }/(cto TooTe™ To%e)® (T g%y =Toor,)

2 2
°to1m(xq‘xe)-"e‘q(1m *+1..3)

sin §_ =
° quEo
& ol®o - ch(xq- L) 1%,
cos 6° - T
qouo
2 2
Iexq(I ’Iqo )
quEc

ra— oy

——

ey




. Im(e + 1 X ) IaoInoxq

i
qo qu

100 %g * Tao (%t * Taole)

EQO

e, +I X
e = 52904 4
qo qu to

For the special case of zero external resis-
tance, the expressions becoms:

X - X! E E cos b
-3 d 00 o
Ky = FA5T LaoBo 1R b0 T eI
. .Eo sin 6°
2 20\~ d
X -x5+xe
3 35d 41[‘
X.- Xt \ N
4~ e - .
K, "3 +X&E sin 8, = 2 -
K ——-3-——925 COS & = gr————— x& .°E sin &
5 x"xq%o X*Ké o © )

The configuraticn of Fig, 11(b) is converted
to the form of Fig.ll(a) by making a thevenin
squivalent where

Lk 5

e 332.&2

and e i3
Rz - N

Yo7 rZ e X

St

Page 13




A3

377] (RAD)
S +*‘

[+SK3T'do

AEftd:

Fig. 1, Block diagram showing linearized
small perturbation relations of a single
generator supplying an infinite bus

rnal impedance.
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Fig. 2. Block diagram showing linearized
torque-angle relationships for the con-
dition of ccnstant flux linkages in the
d-akis,
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Fig. 3. Block diagram of torque-angle
loop defining synchronizing torques AT,
and damping torques ATp.
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Fig. L. Block diagram of torque-angle
loop including direct axis field effects,
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(a) (b) (¢) (d)
Fig. 5. Typical responses of rotor angle

following small step increases in mechani-
cal torque.
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Fig. 6. Block diagram of single machine
supplying an infinite bus through ex-
ternal impedance including effects of
voltage regulator-excitation system.
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Fig., 7. Block diagram of voltage regu-
lating loop with machine on open circuit,

AEtd
Lot gt Aet

1+S Te |+S K;T'do

Fig. 8. Block diagram of voltage regu-
lating loop with machine connected to
system assuming no changes in rotor angle.
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Fig. 9. Block diagram describing the
component of torque produced by voltage
regulator action in response to voltage
deviations produced by rotor angle
deviations,
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Fig. 10. Block diagranm describing the
component of torque produced by voltage
regulator action in response to a

speed derived signal.
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(a)

(b)

Fig. 11, External impedance system
configurations for single machine
against infinite btus,
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Fig. 12, Plot of maenitude of stabi-
lizing function vs. frequency of
oscillation., Scatter points are values
of AMy for a variety of steam machine-
system parameters and loading conditions
as listed in tables I and II.
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