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Pewer at Statie Stabil{gy Limit and Conditioft of Parallel.

    Rurming as Generator of Two Machine System
     ' withConstantTerroinaiVoltages.

By

       Koji OGUSHI
(Teehnical Faculty,'Hokkaido University)

                          Preface.

   Ie is l<nown that the statie stability limit of transmission power

with two synchronous maehines is theoretically determined by the fol-

lowing equation,<')

                           M,+M,,
                    tan ¢o ==                                  tan ¢B                           na1 -ML)

By this equation the phase a'ngle differenee ¢o of the air-gap voltages
con be easily obtained, But, for practical purposes it is desirable to

get limit power rather than the angle at which it Iose synchronism.

This power depends on the air-gap voltages of machines, which are

variable not only with load, but also with method o£ excitation and
with autoMatic voltage regulator. It may be practical that in the case

of the quick re$ponse ･excitation and voltage regulation, transient re-

actances and their air-gap voltages o£ the machines should be taken

into aceount, while £or ordinascy method of excitation and voltage
regulation mean values of transient reactanee and synchronous reactance

with their corresponding internal vo!tages should be eonsidered. Thus,

it is not a simple matter to determine the value of static stability limie

power. We may try to get a practical method for determining the
limit power by using the cirele diagram method. As an extension of
this method, it is easy to obtain the eondition of parallel running as

generator without motor aetion by using the cirele diagram theory.

Notation.

A, B, ev, .D: Gene.ral circuit eonstants.

Zi,, Z,], : Impedances of synchronous machines.
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Z :Totalseriesimpedaneeofline.
Y :Admittanceequivalenttoload.
Mi, ca : Inertiaconstantofmachines.

¢, :Phaseanglediffereneebetweenair-gapvoltagesof
             machines.
          : Angle of the constant B, including machine irnpedanee.9SB

ypr==p+o'Q:Wattandwattlesspower. ' ''
y :=, g+ob : Admittanee used for Co-ordinate axis, which has relation,

    ., P+o'Q==(g+o'b)E2,takingEasre£ereneey.ector..,..
2, 2, 1,, 2,. : suMx for sending, reeeiving end,point corresponding to

             air-gap voltage.

E' :Terminalvoltages, . '･
q rl ttt, :' Sie.'n.t8,X Of Sendi"g POvygr eiycle .d,lgg･yarp..onfdmittanee

     IERy= t.iBl E,,,: Radius of the above circle.

n == Sl : Ratio of I-]IZ[ and IZII-･l. which are kept.constant.

      -
()1'v
7, AevBBk,++#$ ': tCa6nn,t.erp?af.zee.ro vy, att ?ower circie on sending admitm

                                       '                                      '                    tttR"y= AB,IAB,: Rhdius of the above. , / ･. ,. ,,･"'

                    ;2.H.'}'4oY'ZY' Br,.Z.9o.'.Z ]: ,G.eii.'erfia,i. eiifcuit conpYant bgtween i,-

S'L=}il'gz'S"Z.<'i'.fiZII',,1:Z.`,Y,i. .G･//.",Si.?la 2i:,igii zor,:ta"t betwee"

                   constant terminal voltages.

    In a transmission line as shown in fig. 1 electrie power is trans-
IP6Li't`il,9'tifZOhl¥ S･.ZO 3.' dk2S.PA:i:F.g,hfi,ll%rgXue,'."21iratt/eS,,{lt,Zexglg',zogi,s` .'ue

･t, he load admittance Y. Beeause the air-gap voltages o£ the maehines
are unknown, admittance unie is taken as Co-ordinate plane. Taking
eq, the･machine 1 aiy-gap voltage as the referenee phase, the sending

power cirele diagrams between 1,.-1, 1,-2 and 1,-2, terminals are
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 Fig. 1 Transmission line with two Synehronous

, maehineswithintermediateload.

as shown in the following fo]rmulas on the 1,
+ o'b.

       Yi =r' qi+nii ''''''''J'･i'･'･･････････--･･･････

        eee      Yie=Cte2+Rle2 ''''''''''''''''''''''''''''''-'-

      'Yi = Cl, -Fit,, -･･-･･i････-････････････････t･････

        e ga g9
, impossible

       C, ･, = 1, -iit),, =- ! vei

      'g zl t,                      z, ]e,
                           c              go       q,, = z+iz, , iti,2 =z+iz, -:e

                v                            oo
                    1+Z.Y       (D[ifi2e== z,,+z+z,,+Zl'Ez" ,,,Y+z2Ll;,'IS?Y

                       1 JEh
             ] za         ce Z

              goEliminatingEin obtains
+z+z+z, z, y+zz, y
           ov         o
equations (1) and (2), one

    -ZZI,
 1-    .ZIT,

admittance plane, Yi, =g

--J---ll---1--l-----  (1)

･･---･-･-･-･-- (2)

."-"""..".".. (3)

･･----･-･- (4)

      Zf"g =: zr,,-(z+z,,) {ll.I, (5)

In the above equation, variable faetor is only e in the value of .En
, =T-

E.E]i Eje, showing alocus of circle on zy), plane. [I]here£ore,, the equiveileiit

admittanee corresponding to the generator 1, imput power (Pi,+o'Qi,)
rnust be always on this circle (5), if the sending and receiving voltages

Ei, E2 are constant. Trans£orming equation (5) to show its centre and
radius, one gets
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       Y,,'=.ny+Ie ･･････i`･-･･･････････-･-････i.,･･.･..･･.･....,.,.........(5a)

Where
               (1,,. Zi,k-(Z+Zi,)kn2
                   ZJ,Zi,kwu(Z+Zri,)(Z+Zi,)knL'

                             - Zn                                           Ejpt]a               R=
                    Zi,Zi,ts M <Z+ Zi,) (Z + Zi,)kn2

                    E,
               n = E. , ¢i2: variable.

   The centers of the above mentioned £our cireles (1) (2) (3) and (5a)
are as shown in fig, 2. The center of
circle (5a) is always on the line q,iq,2 and

on that circle operate the syncheronous
'machines, if Ei is kept constant,

., . Unknown values of air-gap voltages Ei
                                  o
and E.,, may be obtained £rom the radius
Cl,iYi, and '(' ,2,yi, as shown in equaeions (1)

and (3). The phase differenee between 'the

airvgap voltages ¢o is as shown in fig. 2,
assuming that E,,, lags to Ei, or that machine

2 acts as motor, while if we take ¢o in op-
posite direction, machine 1 acts as motor,

The angle at stability limit is given by

tan ¢o :== ilZl'!tL. × tan ¢B, where ¢B is the

angle of the driving impedance (Zi,+Z+
4i8+"o,4/IZZsi%YgfitsxZo,Znlr,tsi&,figlhfg,sV.Lii･,-,?abS,aiggs?Y,2-'e SiZ･i.2e,,,gsl,ts,i':.zt:Zi%･fi･:.t･.iS:aRi

limit power of machine 1 is

       Pimax = gi,El2, '''''''''''''`''''''''s'''''''･''''E'''･''･''･'-･'･･''･'- (6)

At this stability limit, the limit power of machine 2 is easily determined

from the watt power circle diagram on the same Co-ordinate plane yi.
                                       .eIts zero circle of wa'tt power diagram is

     jl(Zg,+Zrl-ZL',,+Zi,ZL',Y+ZZL',Y)+(1+ZL',Y)(1+ZY+Zi,Y)ls)kl
Cpio -
      (i'ZY'a`z,Y.'(.";ls,J-:[Z.t,i')g,?l,'#Zz2pI"z,3+Z'12'iltlk,,y+zz,,,iy) ! (7)
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R"ig=- <1+ZY+Zi,Y)(Z""Z+Z!,+Zi,ZL',Y+ZZ]oY)k .i
               + (1 + Z Y+ Zi, Y)k(Z], + Z + ZL'a + Zi,Z?, Y+ ZZ2, Y) e

                       'This circle has a property to pass always the centen of power circle
diagram q,E,. The receivevd power in machine 2 is found as follows,(2)

       P2=-r ±g(22RRj'i,"!g) E,'2,, ･･-･･･i･･･････-････-･･t･･･-･･･t･ny････t･-･･ (7a)

                                 t ttWh,ere g is perpendieular distance to C.i,' cirle.

, 'LIt is kpown that in the inside of this R.i, cirele on yi, Co-ordinate

plane in fig. 2, machine 2 aets as motor and at the outside as generator.

In the case of parallel opera'tion of two power stations, it is important

to keep all the machines as generators. As above deseribed, it is clear

that the stability limit and the parallel operation of generatoTs are
greatly dependen't upon the air-ga/ vol'tages or machine impedances.

    To explain these points calculations are given for the fol!owing

numericalexample.･. .' .'-   'Problem. A transmissioR line with two synchironous machines at

both ends h,a$ line constant, machine impedance and load admittanee

as shown in 'fig. 3. The values are given by per unit of 60MVA,
              ttt132KVbase. , ･･･. ･. /･ ･. /               '              '                                    t tt               11 ･･ /,-.･                                              '                                   '              Ig 1 . '･2'2g･.. ,'-,

lg

are

jlS) ff,
.

JO-S ,SiW

QZs+jO,9'
･1 ･
   tt       6

waz l･6'iss

 Soldtion.

-2 and 1,
 given by

   Fig. 3 Ei EL. constant, Per unit quantities.

 Power circle diagrams between the terminals
-2, on yi, plane whith reference veetor, E,, 4nd

Tablel,forth.enext3cases. - '
            M!!gl}ln.e-im?ggance Loadi

I
t
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lg
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Iiy-
l2
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Zlg 1

y' 1

,O' O.5

.. 2' 1

..

Z2g Y
o' Ll 1
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O' O.55 1

o'1.1 O
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Cl1e RmCJ ,tUIL,CJ Rl2t Cl2go Rlziog

1

2

3

-j'1

- o' 2

- o' 1

 1
Ei
  o
 2
Elo

Li-
Elg

O.0651-j'O.517

O.125 -o'O.7

O.0651-J'O,517

O.52

Ei
  o
O, 707

Ei
  e
O.52

EJ
  a

O.127-iO.39-

O･136rj'O.515

O.027-p'O.33

   E2e
O.374
   Elg
   EL'e
O.465
   Elg
o.33i-E':'gg

   Elo

   The zero watt

terminal voltages,

Table 2.

               '
 power cireles and the

              ･' E,E-ii,;,J1==n and E. =
           '              tt t
           t.
       ' [l]ABr,E 2.

locus of cireles for keeping

-6I.ig. =i･2s= n, are as shown by

1

2

3

(Jfple

OJ94-o'O.517

O.31 -y'0.56

  2.0

RpiO

O.'! 24

O.20

2.0

n = ].O

U

O.0937-j'O,337

O.141 -1'O.50S

9･0937-j'o.e,37

I R

O.349

,O.52

O.349

n == 1.25

cr l R!

O.OS26-j'O.394

O.13 =iO.57

O.OS26-s'O.394

O.221

O.416

O.221

   The angles ¢B foz' general eircuit constant, B between the terminals
11x//t, ".df ,i/l, .g ,a£i,1.t51e. St?. bill`Y:, iim't ,di'glgS,,.for :,{,i/lf, i=Mii･ Vit. i"li'il,1/: .,lii4iii,,oo

 .......,...･ .TABIJE3v', ･''/.1' ,i 'i'

1

`")

3

'g5 B'

N
'tw

tv

12oo.

Iooo

8'so

¢o

M1== M1

'9oo

9oo

9oo

¢o'

.

' ¢olf

   'Mt=･oo ･
la generator ooBus･
           F

  ･M"==oc-''
2g Motor ooBus

12oo

loo6

8so

' 6oo

  8oe

  9se
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Fig, 4 Case 1. for Iarge machine reactances.

    The above results are shown in figs, 4--6. The range of parallel

running as generators is clear £rom q circle, because outside o£ that
they are all generators. In the cases of fig. 4 and fig, 5, the two

machines operate as generators and synchronism is assuming the gov-

ernor aetions of their prime movers are complete. But, a case may

happen when the q circle goas outside the C circle by dropping the

terminal voltage E,, as shown in fig, 4, taking O' circle insted of C

circle. From fig. 5, it is clear that the stability limit is remarkably

improved for transient reactances of machines or by the well-lmown

quiek response excitation. Fig.6 shows the ordinarysynchronous motor-

generator operation, having no intermediate load.

   Table 4 shows the limit powers, obtained from the figures and
equations (6), (7a),
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TABLE

intermediate load.

 4.

Cpfo/

1

2

3

Vo

 60

 90

l20

100

 90

so

 95

 90

85

EI
  o

2,22

1.66

1.33

1.39

l.30

l,.03

1.27

1.22

1.IS

1)1

2.06

1.04

O.46

J.22

1.10

1.oo

O.6S

O.64

O.60

E2
  o

1,26

1.26

1.33

l.58

1.4g

1.40

l.53

].52

1.47

P2

' l
l

l

I

1

1

  O.35

  O.09

  o.oo

  O.61

 O.53

 O.47

- O.5S

- O.55

- O.50

l

L

'

t

I

za1= E!=1
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                           Conclusion.
               '                 '                       t .t                               /.
    Static stability limit o£ a two maehine system with given eonstant

terminal voltages o£ the machines are solved by cirele diagram method,
using (1) a locus o£ circle to satis£y given terminal voltages, (2) two
power circle diagram between machine terminals and air-gap voltages,

(3) a zero watt eircle diagram. As Co-ordinate, conductanee and rea-

cta'nee plane may be taken to avoid the air-gap voltages. Line eon-
$tants, load, inertia constant and machine impedanees must be known.

    By this methed it is possible to dete℃mine diyectly the stability
limit angles, The air-gap voltages are obtained from the radius of
the power cirele diagrams. By using these voltages, the sending and
receiving powe)rs az'e gotten from the Co-ordinate and the zero watt

powercircle, , ' ''
    It is most usual for two oir more power stations to supply power

to one substation. In such e ease it is important to have knowledge

about the range in which one generator acts as a motor. For improve-

ment of stabi.lity and parallel running condition, the diagrams are con-

veniently used ･ obtain the suitable terminal voltages and excStation

method. ･''., '･ , ,',････ ･.･,..
   ttttt/tt/lt/tttt t/lttttttt ttttttt lt ttlt                                                                 '
                                                '      .'','1 . .'1'.i'" '1.Refer'tsnces ..1/ ' '.1 .'i''.' .1../' '.

  (1) The original paper of t･hi$ well known equation:---Wagnev and Evans: Static. $tability

          limitsandtheintermediatecondensorstation. Trans.AIEE.I92S. .. ,,.

  (2)K,Ogushi:Cireledia.cr.ramsforEleetriealEng.Shukyosha.1941. ,. .


