THE ROLr. OF SYNCHRONOUS GENERATOR PARAMET hiti3
ON EKVALUATING MIFIMUM EXCITATION POWER REGUIREMENTS
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SYNOPSI S:

The paper derlves, first, a general relation of the ecitat-
ion power in terms of the synchrouous generator parameters.
The condition for minimum requirements on excitation power is
tested for extended range of both type of machines, namelly,
the salient-pole type and the c¢ylindrical-rotor type. The
saliency effect (x_) has an appreciable influence on the mini-
mum excitation power. The possibility of building salient-pole
generator which can operate with minimum excitation power at
all power factors ls proved. For turbo-generators it is also
shown that a wide range of such machines can be bullt to operate
with minimum excitation power at 0.8 lagging power factor which
is the most usual operating load power factor.

0.0, Nomenclature:
Ef : = internal or excitation voltege, per phase;
! = r.m.s., value ot voltage behind transient reactance;
: rated currsent;
g3 field current;
Ifo t = steady-state field currentj
K 1 = variable factory
Lff : = selfeinductance of field winding;

Hf t = equivalent stator to rotor mutual inductancej
P, 1 = total field-or excitation power;

Pfo t = steady-state excitation power;

Pep ¥ = transient excitation power;

x Lecturer, Faculty of mngineering, Mansoura University,
Mansoura Bulletin, December 1977.
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(Pfo)min := minimum steady-state excitation powery
(Pft)min== minimum transient excitation power;

Rf 1= fleld circult resistance;

T&o t= open circuit field time-constant;
v :+= stator terminal voltage, per phacej;
Ve 1= field circuit terminal voltagse

xd t= direct reactances

xﬁ += transient reactance;

X 1= gquadrature reactancej

u? 1= rotor angular velocity;

'/ 1= power factor angle;

Hf “t= flux linkage of field circuit.

note : lower cese lettere designate the corresponding per-
unit values.

1.0, INTRODUCTION:

From the analytical viewpoint a 3-phase synchronous machine
can be regarded as a stator consists of 3-distributed phase wind-
ings a,b, and ¢, Fig.(1l), and a rotor carriee the d.c. field
winaing f. 1In order to have an ideal synchronous machine the
possibility of other electrical circuits on the rotor formed by
the damper bars in practical machine is ignored, as well as the
saturation hystersis and eddy currents.

The resulting voltage-current relations of the machine
pased on the above assumptions are functions of the stator-to
~rotor displacement angle ©. Therefore, the resulting equations
are algebraically very complicated. If the concept of divlding
m.m.f8 into direct and gquadrature axis componsnts is formed and
by make use of the d-ge-o transformation method, the analysis of
the voltage-current relations will be greatly simplified (6] ,

(71 .

The analysis leads to the excitation (internal) voltage
relation which can be obtained directly from the phasor diagram
of a salient-rotor machine operating at rated (VA).
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FI18.C. 1 ) CovpLED CIRCVIT MODLL OF THE
TBEALIZED SYNCHRONOUS MACHINE.




E. 69. Mansoura Bulletin December 1977.

It has the form: 2
(xd - xq) (VI)2 cos®p
(IX ) 2V(IX ) sin B

2 42
B = V° #+(IXy)

2 + 2V(1X,) sin @ -
-o-noo(l-a)
where
+ ve sign for lagging power factor,
~ ve sign for leading power factor.

Rewritting the above equation in per-unit values, it
becones:
5 2 (xd-xq)2 coseﬁ
l+x§‘; axqsinﬁ

This relation is required for the following aerivation of
general excitation-power relation.

2.0. General Form of Excitation Power

Excitation power supplied to the tield circult at rated
load of the machine 1s

Pf = Ifo ..-..(2)
From the baslc machine analysis the field voltage Vf can be

described as
f*IfRf*"'""(Hf)

Substituting this relation in Eq. {(2), “he excitation power can
be rewritten in the followlng form

Pp= I3 Ro + Imdem (A0) civiin(3)

Steady-state rated load excibatlon power, Pfo' that 15 requlred
for normal operation condition can ve defined as

2

PfO = Ifo Rf 'locoo(“)

This leads to a general form of excitation power, which can be
suggested to suite the machine requirements on excitation power
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P

I
f 2 d
f=Pfo*[(I ) "1] Pfo*It‘_d_t_(af) reeeese(5)

fo

In additlon to the ntondy-ntale excitablon power rro, Lier
sbove relation gives the addltional excitation powor regulred
under transient conditions (instabilities). The latter two
terms define the transient component of excitatlon power

I
f 2 d

The tirst term of Eq.(6) represents the excess I2R dissipa=
tion in the field circuilt when the fi=ld current Is is other
value than the steady-state rated value Ifo' while the second
term represents the rate of change of stored magnetic energy in
the field circuit. Thus the total excltation power, Pf, can be
experaessed as the sum of the rated load steady-state excitation
power Pfo and the transient component Pft [1] .

Pf =PfO+Pft l.lllll(?)

3.0. BEffect of Machine Parameters on Excitation Powers

The effect of the machine parameters on the required exci-
tation power can be best explained when a relation exists between
them. This relation can be found with help of the basic analysis
of the machine, which gives that [4]

(3 & M? ’ /
If = and W z X, = Xd ere(8)

a
W Me Leg

Applying this relations, Eq.(8), to boih component of the
excitation power, Eqs. (4) and (6), gives that

2
3 Efo
P = 0001000(9)
fo l“"omd.o(xd. = 1[d.]

I 3 E

£.2 £ 4 \

Pgy = [(-I—fo) - 1] Pro * STYET] 17y ~$ ()
coolctn(lO)
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The observed relation between the excitation power and the
machine parameters, &gs. (9) and (10), will be now discussaed in
more detalls for each conmponent.

3.1. Steady-state Excitation Power

It is evident, from Eq. (9), that the steady-state excitat-
ion power has further relation to the mochine parsmeters, namelly,
through the excitation voltage (internal voltage) E.. To achieve
mere simplification, per-unit wvolues may be uscd for steady-state
excitation power which can defined as

Pro
(Iv)buse

b -

Ppg =

Rewritting equation (9) in per-unit values, and substituting

for ego with help of Eq. (1-b) give the following generel form of
the steady~state excitation power

i 1 .[2 2
Peo = W T (agm D) lexy + 2%y 8in @ - K(xd—xq) ] «+{11)

where
K = coaagﬁ

2
1+xq 3|2xq sin ¢

cesesa(l2)

Thia general relstion of steady-state excitation power at
rated load is opplicable for both type of synchronous mechine,
namelly, the selient pole type and the c¢ylimdrical rotor type.
In cylindrical rotor machine, it can be assumed that X35Xq and
the term K(xa-xq) in Bqg.(11) becomes zero. This term will be
defined as the seliency effect. The factor K, Eq. (12), is a

function of the quadratere reactance xq and the power factor
cos ¢,

For machines with 0 <th§; 1, the factor K increases in
volue from zerc at 0.0 lagging p.f., baving its maximzum K = 1
at a leading power factor under the condition that sin ¢ = x_,
then decreases to zero at 0.0 leading power factor, Fig. (2).
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Por machines with xq> 1, the factor K varies in such &
manner 88 before but has a maximum less than one. Curves of
factor K are helpfull for further calculations.

Beside the machine parameters, it is seen from BEgs. (11
snd 12) that the power factor has an effect on the stendy-
state excitation power ae sn operational variable, This eff-
ect 1s shown in Figs. (3) and (4) in whioh pp, 18 plotted
against x4 for different power factors. The time constant
and the trensient reactance ere assumed to be constant [1] .
Both type, sallent and cylindrical rotor machines, are conpl~
dered by taking different velues of x_, differ between 0.6 and
1.0 per~unit, while Xy = xq for cylindrical machines,

The curves presented for a given power factor in Fig. (3) .
or (4) show the tendency of the steady-ctate excitation power |
Pso to pasa through s minimum value and then continue to inc~
rease with increasing direct reactance Xqe The increase of
Pso after having a minimum is remerkable for cylindricel machi~--

nes. For zero lagging or leading power factor, the quadrature

reactance xd has no effect on Pro*

It is noticed alsc that the steady-state excitation power '
at zero leading power factor can be equal zero in a machine
having the corresponding direct reactance. Im this casé, the

machine can be considered as a selfexcited muchine which needs
no external excitation. ‘

3.2, Transient Bxcitation Power

Transient sxcitation power is a part of the total excitat-
ion power pg, and it is required mainly to ensure the rate of
change in the stored magnetio energy in the field winding to
force or weaken the field flux. This .interpretation can be
easlly obtained by looking into the pe -unit relution of Pyy

i i € d
- b iy 2_ T fo PR
Pyg = [k ifo) 1 ] Pfo +( ifo) UJo(xd-Xa) * o dt \eq) voeee(13)
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The first term in this equaltion represents, as ment ionecd
Eefore in section (2.0}, tne additional power dissipated in
#he 1ield circuit resistance unaer transient conditions, when
the instantaneous field current, i, 18 other value than the
yated load wvalue ifo'

. The second term represents the power required to increase
the field flux at a per-unit rate '%E () end is equal to the
per-unit rate of change in the magnetic energy storage of the
generator field winding.

Of gpeclal interest is tne case where the cnange in field
flux associated with a given control action 1a accomplished it
essent ially constant tield current, for example:t control to
effect a small change in terminal voltage or reactive output.
Ia such situtlons, the desired change in eq, and thus i., is
often rather small, but is to be accomplished rapidly (fast-
response control action), consequently, the value of -%E (ea)
required to obtain the desired control response may be appre-
ciable [4], [5] .

The assumption of a small change in if leads to the appro~-
ximation, (if/ifo)‘ﬁ 1.C per-unit, so that Bq. (13) reduces %o

fo o
P = e (e') -otlo(lu)
1% W (g ~ %4) dt q

iquat lon (14) is valid when the change in power dissipation, due
to the change in i, is small in comparlson with the rate of
chanse of stored magnetice~energy in field winding.

To show the effect of the machine parsmeters on the transi-
ent-excitation power, Eq. (l4) 1s plotted as & function of X4
Pig., (5), Also here, the power faclor la taken as an operational
variable, while other variables in the equation are assumed to
be constant. Salient-pole muchines are considered by taking

differént xq, and for cylindrical rotor machines x; is equal to xq.
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It is clexr from Kq. (14), that the transient power excito-
tlon pgy decreasc:: with increasing x;, 88 shown in FirF.(5) for
constant e, .

As a common conclusion on the veriation of both Pro and Prio
Figs. (3) to (5), is that the paliency effect can be lgnored for
small direct reactances x,. Also for given power tactor, the
excitation power required according to Eq. (7) decreases with
inéfeasing saliency (decreasing xq). This latter result coinsi-
des naturally with the known effect of the quadrature-axis
relactance on the cross-magnetlising component of the armature
react ion.

4,0, Minimum xcitation Power:

It is seen in the forupolng sections that the excitation
power, represented by its two component, tends to pass through
a'minimum value when the machine possesses the relevant para-~
meters, It is, also, found that the power factor has the maln
effect on the level at which the machine will be excited. Of
course, not all muchines can eansure the conditions of operating
at minimum excitation power.

“Po find a range of machines, either salientor clylindrical
type, that each of them has a get of proportional parameters
which enable the machine to operate at minimum excitation power,
tne conaition under which the proposec machine can tulfil this
requirement will first be obtained.

4,1. Minimum Steady-State Excitation Power:

Jteady-state excitation power given by Egq. (11) is a funct=
ion of the machine parameters Xq x& and xq. It 15 well known
that*x& and xq can pe expresged as a ratic of Xye Therefore
the condition for minimum steady-state excitation power will be

_obtained by equating ths first differentiation of Pfo in X3
with zero
e (k) - 2xf(1-k)x,y =2x)(kx galn @) kxi—l 20 een.d(15)



B. 79. Mansoura Bulletin December 1977.

This relation is a second order linerar algebraic equattion
in X3 from which

1+ kxg(2xf - x )+ 2x} oin @
xg = X5+ ‘/'2 14 8- d veee(16)

xd+ (]_...k)

Equation (16) gives the condition for minimum steady-state

excitatlon power (pfo)min' which can be obtained by substitut-
ing this condition in Eq. (11).

(Pronin =‘;j§3'“(1-k)xd +(kx ¢ sin §) corees(17)
0 4o

where k is given by sgq. (12).

The effect of both the machine parameters and power factor
on the minimum steady-state excitation power is discussed below.

&4,1.1. Effect of power factor on (pfo)min

Bquation (16) and (17) are valid for salient-pole magchi=
nes, and under the assumption that x_ = x, are also valid for
cylindrical rotor machines. The following study of the effect
of power factor on (P, )., takes both type of machines iato
consideration.

(1) 8alient pole machine:

A salient pole machine, which may be bullt to operate
at (pfo)min' must have its paramaters x4, Xq and xﬁ in proport-.
ion to each other. These proposed parameters must fulfil the
condition given in Bq.(16) for a particular power factor.

According to actual design values of x_ and xj, they cen
be related to the direct reactance X3 88 follows:

xq - (0.6 - 0.?) xd'« 1009-5(18‘&)
and "

xj = (0.1 ~ 0.22)x,. cosoes(1B=b)
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Wnile x4 and x_ caen be assumed and defined to a great
sssymption with help of machine dimensions, the complementary
' parameter x§ must ensure the following condition

0.5(1 + x. sin @)
Xé=0-5 Xd- _S: ’ o.--.-(lg)

Xq x sin @

that the machine may operate at (pfo)min‘ The condition (19)
{s obtained from Bq. (16) by substituting for k end solving
for x&.

Now, the minimum steady-state excitation power (pfo)min'
Bq.(17), has been calculated for a widerange of salient pole
machines with proportional parameters. Actually not all these
machines can operate at (pfo)min' The power factor plays here
en important role to find out x{, at which the machine may
perform its full-load at (pfo)min’ Bq. (19).

For each machine, it has been found the range of power
factor in which the machine can operate at minimum steady-state
axcitation power. The resulta are tabulated in Table (1) end
plotted in PFigs. (6) and (7). In Pig. (6) the curves are drawn
only for those ranges of power factar, in which the machine can
be axeited with (pfo)min’ The complete curves may vary having
the same shape of that curve for x_ = 1 per-unity to intersect
with the positive axis of (Pfo)mi.n' for xq> 1, and with the
negative axis, for x < 1.

For Xy = 1,0 per-unit, the transient reactance xj is inde-
pendent on the power factor, and Bq. (19) turns into:

’ - -
xd - 0.5 Xd Ols .U.otll(m)
It is an advajtage for salient generators those having x_ = 1.0

per~unit that they can cperate with minimum steady-state excit-
ation power at all power factors.
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(11) Cylindrical rotor machlnes

For cylindrical-rotor machines, it can be assumed that
Xq = x3s further that practical desigrs give

x& = (Oil - 0025) xd coou-ul(al)

Thus the condition to get minimum steady-state excltation power
is
0.5 (2§ - 1)

X’ = 01000.0(22)
d X; + 8in @

Substituting in the p., relation, Eq. (11), with the condition
(22); the minimum steady-state excitation power for cylindrical
machines can obtained

2

uJono

The above relation for (Pfo)min qaa been calculated for a
wide range of cylindrical generators. The check for proportion-
ality between the parameters of a glven machine 1s done with
help of Bgs. (22) and (21) to have the power factor range, in
which the machine can operate at minim'wm steady-state exoiltation
pOWer,

(Pfo)min= (xd + 8in 2). veeseee(23)

The results are tabulated in Table (2) to glve the range of
power factor, in which the corresponding cylindricael machine can
be excited with (pfo)min' The choosen machines have a direct
reactance x, lies between 1l.05 and 2.0 per-unit. Some of these

cylindrical generators are gilven in Fig. (8) with its power fac-
tor rangese.

Purther inspection of Table (2) shows that a wide range of
real cylindrical rotor machines can operate with minimum steady-
state excitation power at 0.8 lagging power tacior which is the
more usual operating load power factor. It is meant by real
machine thet machine which has proporti?nal parameters Xys X

q
and xa.

L
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4.1.2. Bffect of the Direct Reactance on (Peodpin'

The relation between the minimum steady-state excitation
power (pfo)min and the direct synchronous reactance x, is a
straight line as shown in Fig. (9) and (10) for both type of
generators tnv salient-pole und cylindrical rotor respectively.

These figures are drawn with the help of Tables (1) and (2).

(1) Salient-pole . machines

In the curves representing the salient-pole generators,
Fig. (9), it can not be said that each point represents a real
machine,

At zero lagging power factor, the guadrature reactance x
has no effect. A range of real machines exsists on the line

corresponding to 0.0 lagging powwr ractor ana is limited by two
aotted lines.

For other power factors only one real generator exsists for
each relevant gquadrature reactance X 411 these resl genserators
can operate with minimum steady-state excitation power at a defi~

nlte power faotor, and they lie between the two dotted lines.

For leading power factors, there are not so many real machi-
nes which can operate with minimum steady~state excitation power.
It is evident that each of all these real machines has a direct
reactance which lies within a range of 1.25 to 1.75 per-unit.

(11) gylindrical-rotor machines

Fig. (10) shows the ourves obtained for the cylindrical
rotor synchronoue generators to give the relation between (pfo)min'
and X4e Here the quadrature resctance x_has naturally no effect
end the only variable is the power factor.

Bach polut on s straight line rej ~esents a real generator,
which can operate with minimum stsesaay. state excitation power at
the corrssponding power factor.
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It is obvious in Fig.(10) that the range of real cylindricsl
machines relative to & particular power factor is wider. Vhile
for salient pole generators extents the vange of real machines to
correspond a range of X3 lies between l.25 per-unit and 1.75 per-
unit; extents the range of real cylindrical generators to corres—
pond a direct reactunce range from l.l per—unit to 1.95 per-unit.

4.2. Minimum Trensient bxcitation Power (pftzgza'

Transient excitation power is the complementary part of the
total excitation power, Pgs required at any instent. The condi-
tion stated before to have the minimum steady~ctate excitation
power will be also used hers to define the corresponding minimum
of the transient excitation power (pft)min'

Substituting £g. (19) or (22) in Eq. (14) for trensient exci-
tation power; the two following relations of the minimum transient-
excitation power can be obtained

Xq + 8in @

_ 2 d .
(pft)min - Lbfo . dt\e&) --.000(24)

1+ 2x, 8in @ + xg)H

for salient-pole gencrator, and

X4 *+ 8in P

(p ) = 2 . d fel) onnc.(ES)
fe'min = w, dt" q (1 + 2xy sin ¢ + Jrg)]E

for cylindrical-rotor generator.

It is seen from Eq. (24) that the minimum transient excita-
tion power for a salient geperstor is independent on the direct
reactence x, and depends on the quadrature reactance x_, while
Eq. (25) shows that (pft)min for a cylindrical rotor generator
depends on the direct reactance X3+ 1t is also seen that both
relations are function in the power factor.

4,2.1. Effect of Power Factor on (pft)ﬂia’
The relation between the minimva transient excitation

power and the power factor is given 1. Fig(ll) for salient-pole
generator, and in Fig. (12) for cylindricel rotor generator.
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The curves had been checked for real machines, which are repres-
ented by the continuous portlon of each curve. Dotted portions
on the curves give the total variation of (pgy)dps, 8&3inst power
factor.

Por salient-pole generators the considerations govern the
variation of the steady-state excitatlon power with the power .
factor are also valid here; but with the exception that for
xq:> 1.0 per-unit the corresponding curves gather itself to the .
same value of (pft)min at both zero power fuctor. Tne same
range of generators teken in Fig. (6) is also treated here in
Fig.(11). It is obvious that the minimum transient excitation
power required by real machines taskes the same power factor
limits as the steady-state excitatlion power.

For cylindrical rotor generators, PFig. (12), it is seen
that ths relation between the minimum transient excitation power
and power factor takes such a variation that the corresponding
curves gatnsr itself to the same positive vaiue of (pft)min at
both zero power factor. The same range of generators choosed in
Fig. (8) is aleo treated here to show that the required (pft)min
for real cylindrical-rotor generators extends over the same ran-
ges of power factor that found for (P,.),ine

4.2.2. Effect of the Direct Reactance x3 on (pft)m; s

It 18 seen trom Eq. (24) for the sallent type of generators,
that the minimum translent excitatlon power does not depend on the
direct reactance x,, thus a corresponding relation between (pft)min
and x; does not exist.

For cylindrical type of generators Fig. (13) give the relat-
ion betwsen (pft)min and X3 for the same range of muchines selec-
ted in Fig. (10). It is evident that for power factors lie bet=-
ween 0.0 lagging and about 0.8 lagging, the transient excitation
power seems to be constant. Further inspeotion of Fig. (13),
shows that real cylindrical machines, represented by conuvinuous
portions of the curves, extend over the same ranges of X3 that

£
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have been found in Fig. (10) for (pfo)min'

5 00 . (.DNCLUSION:

It 1s seen from the above study that the synchronous gener-
ator parameters, in addition to load power ractor, play an impor-
tant role in limiting the excitation power to a minimum value.

It can be emphasised that the sallency effect (xq) has an appre;
ciable influence on the minimum excitatrion power. For example, .
a pallient-pole generator with a quadra’>ure reactance x_ = 1.0
per-unit 1s able to operate at minimum excitation power at all
power factors. Sallent-pole generators having x_ values differ-
ent from 1.0 per unit are able to operate at minimum excitation\
power within different emaller power factor ranges.

On the other hand c¢ylindrical rotor generators can operate -
at minimum excitation power within more extended ranges of power
factor than that found for sallent-pole generators.

It may also be concluded that a wide range of real cylindr-.
ical-rotor synchronous generators can ve bullt to operate with )
minimum excitation power at a power factor of 0.8 lagging which |
1s consldered to be the most usual operating load power factor. -
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