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       Tripping Characteristics of Protective Reiays on

                   Transmission Network,

         Expressed by Circle Diagram Method. (III)

                          (The End)

           (With APPENDIX; a Stability Calculation

                             By

                Koji OGUsHI and Goro MIURA

                      (Reeeivea June 30, 1957}

      ge 3. Reactance, Susceptance and Power Factor Circles

           to Express the Tripping Area of Reactance
                    Relay and Mho Relay.

   Fig, 16 (a) shows tripping aTea o£ impedance relay, reactance line

o£ ohm unit, X, mho circle of mho unit or starting element of reac-
tance relay, M, directional line of impedance relay, D, and probable

range of short cireuit fault, A on the R+o'X impedance plane. Their
inverted figures on the g+o'b admittance plane are shown in Fig.
16 (b),
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Fig. 16. Tripping eharaeteristic of impedance relays.

          (a) on impedance plane.
          (b) on admittance plane,
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that the relay setting point is at the same point as

receiving end, through a transmission line A B CD,

a single power generator at the sending end,
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            Fig. 17. Tripping characteristies of distance relay on
                   power cirele diagram eo-ordinate plane.

    The sending power circle diagram co-ordinate plane, Pi+o'Qi may

be also used as its admittanee co-ordinate plane, beeause the sending

voltage Ei is constant in the relation,

         gi-jb = (P, +jQ,) ÷ E7

   The tripping characteristics o£ distance relay in Fig. !6(b) are
transfigured on the $ending power co-ordinate plane as shown in Fig.

17. As explained in Appendix, Part II, the eo-ordinate axes g and b
are transfigured to the fundamental circle$ R. and R,, while changing
co point to : E¥ and O point to -S E? point on the sending power

co-ordinate plane, The admittance circles have their centers on OLq
line. The reactance circles are always through the q point, having

their centers on qq line.
    The susceptance circles alre always through the q point, having

their centers on CL(% line. The power factor constant circles are those

passing through CZ, (]t points. Cb and q are the centers of the £unda-
mental circles, R. and R,, Numerical calculation of these curves will
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be illustrated in the next example.

   The advantage of this expression is that one may directly see the
normal operating characteristics of transmission power as well as the

distance relay operation, by drawing the power circle diagram which
has its center at D E;', with its radius as EiE2 , on the same graph.

                BB    Futhermore, it is obvious that the actual power reeeiving end the
relay setting point may be at different points, or that different values

   D      Ei･for them may be taken.of
    B

    Example 3.

    A transmission line 30MVA, 10KV has line constants 21:=:D=1,
C==O, 11B=5-o'20 p.u. 10MVA base and Ei=E2=1p.u..
    Draw the power circle diagram and the tripping areas of irri-
pedance, mho, ohm unit of distanee relay at the same receiving end.

    Solution :

    Center and radius of power circle diagram:

              D
         C. = -B E? == (5-o' 20)×1=5-p' 20 p.u. (=50 MW-o' 200 Mvar)

         R= 1 E,E, == 15-o'20i==20.3 p.u.
              iB[

Pewer £actor O circle:

                 1'1         Rp=m/il},+B== 1 + 1 ==42,sp,u.

                        5+o'20 5-o'20

         q, = 42.5+o'O p.u,

Power faetor 1 eircle:

                 1                      =10.6 p.u.         Rq =
              B,-B

         C{, ==O-j'10.6 p.u.

    The intersecting points of R,,,R, circles are q=5-o'20 and Ct=O

polnts.

               ([;(
                 Eir' =: O         Ci =
               A
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Admittance circles to show the tripping area of impedanee element
have their centers on qq line. And the admittanee,

                 1 Cl,XA
          jYl= ]z] == crmx B

where X is the intersecting poine of C2q Iine and admittanee circle.

Therefore, the bisecting Iine has

          1Yl--i× 1 =fs2+2-o"M"n- :::2o.3 p.u.

113 of qq point eircle

          iYI=3×}l52+202=60,9 p,u. t
                           Q
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Reactanee circie to show the tripping area of ohm unit:

        'X = ti (2fi, - 21o". )'

    For example r.=:312 R, circle,

                     11         x=i×(2×io.6 -- rl}TIk -{}eio.6)

                               2

･ =1131.8=O.0314p.u.
Susceptance circle for mho unit,:

         M= X (2Z, "r2ir,)

    For example Tb=112 R,

         iif=(20.3)?×31(2×10.6)=58,5 p.'a.

    Power factor circles for the directional element or the probable
fault locus may be obtained from the cireles through eL and Ct point,

measuring their power factor angle at the above points, as q circle
has zero angle. The results are shown in Fig. 18.

       S4. Frequency Swing Locus and Relay Tripping area.

    The frequency swing of a sound transmission system with parallel

running generators is a troublesome problem in respeet to relay pro-

tection. The opening of the sound line is nearly always undesirable,
as the system can recover in ordinary operation. But, in some cases
the opening is desirable to prevent out-of-step eondition.

    Swing locus for a transmission Iine with synchronous machines at

its two ends is expressed on the sending power co-ordinate plane,
Pi+o'Qi, as shown in Fig, 19. .
    It is the usual power eirele diagram itself.

    At first, one may consideT the matter of 3-phase short circuit £ault,
assuming that the relay is set at the middle point, m of the Iine and
also at the same point short circuit takes place.

    Then, the short circuit point on the Pi+oQi plane is at the point
2D Er-, or on the power circle, as it is the middle point. The short

B
circuit current is obtained from the vector OS. Various relay charac-
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  Fig. 19. Frequency swing loeus and

         relay tripping.
   S: Center of power clrcle diagsam,

     eonsidered the middle point, m
     as a receiving end.
  R: Resistance circles to limit the
     tripping area during frequeney

     swing.

he same result as ashirt ' '

his £requency swing recovers at
enee of out-of-step. There is no

  To prevent the misoperation
wing, out-of-step blocking is
igh speed relays.
  This blocking is accomplished

ault occurs suddenly, while the
ower eircle locus more

  The impedance relay has a
mpedanee round the first tripping

uency swing the relay at once

  circuit fault

        ordinary
       need
      of impedanee
    used nearly

       due to the fact that

        frequency
radually.

     blocking

        zone,
       enters

eristics are shown in Fig, 19.

he short cincuit points are in

eneral at further points from
he center q, if the faults take

lace on the line between the
wo ends.
  Nextly, one may consider fre-

uency swinging. When small
requency difference between
he parallel running maehines

xists, the power angle ¢i2
raverses OO to 3600. At about
800 angle, the operating point

n the power circle diagram may

gree with the above short cir-
uit fault point, S, flowing large

urrent. ･  Furthermore, the voltage of
he middle point of the trans-

ission line in the case o£ fre-
uency swinging is zero, because

he new power circle diagram,
onsidering the receiving end at

he middle point of the line, has
ts center at s, 2-D E? and its

               B
      2adius         EiEI2 is obviously zero.
     IBI
  oecurs on a line, However,
     operation without oecur-
 to open the circuit breaker.

       relay due to frequency
   always in conjunetion with

             the short circuit

      swing traverses on the

  secondary zone having larger
 as shown in Fig. 19. At fre-
  in the bloeking zone to stop
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the relay tripping. However, when short circuit fault occurs, by abrupt

change of the impedanee the relay goes to the tripping area without
time to blocki

   The resistance circle with its eenters on ()Lq line, passing always

through q point, may be available to limit the tripping area o£ IZi
cirele, as shown above in circle R, in Fig. 19, To prevent misoperation

of the relay, the resistance circle element as well as the directional

element or reactance element is useful to make the tripping area as
small as possible, enclosing the fault locus.

   Carrier-pilot system:
   Furthermore, the tripping area may be limited by using Carrier-
pilot type impedance relays similar to the above explained methods.
The tripping occurs only when two relay indication are given simul-
taneously at both ends of the line, This characteristic may easily be

obtained by superposing the tripping characteristics at the two setting

  .polnts.

    Frequency swing locus on the admittance plane o£ the relay setting
point:

    From Equation (11) in Appendix, Part II, the frequency swing
equation is

                     -Ai+D2nEj i2         y. == g+o'b =                                                        (1 1)
                     -Bi+B2nEj i2
             E, '
         n= E.,, ¢i2: POwer angle,

or, transforming the above equation,

                    A,
         nEji2--:ii-Y"l:ii,. ･ (14)
                 --uB-r.+zf. -

    By the method of conformal transformation of the complex function

of the first order, frequency swing loei may be obtained for ¢i2 or
   E,      . The relay tripping characteristics are shown in the precedingn=   E,
section 4, Fig. 16(b). A numerical example will be shown below.

    Example 4.
    A transmission line with 20 MVA machine at its two ends. Line
constant A=D==1, C=O, B=11(5--o'20) p,u. 10MVA base, Ei=1 p,u.
    Draw the swing curves and the impedance. relay tripping areas,
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assuming their setting point at the middle point o£ the line.
   Solution:
   At the middle point, -1--= 1 ==10-o'40, Ad =:-Z)i== A2 =D2== 1･
                      ,JBI .iB..
From Equations (17)(11),

                   A,
         ICi Ej¢,, .. - Bi :YP B, ,. -lo+j4o-y.

         Eo -Do          " -B:+ZfpBL' mlO+j4o+zi.

             -A,+rD,ETiejpti2 -1+IEiEpm!2
                     E2 =ao-o'4o) E2 .        Yl) =
             -Bi+B, :CiL' Ed¢n -1+1 EJi ejip,,
                                          Eo                     Eo

   The eurves for the frequency swing, taking ¢i2 as a variable and
for the voltage variation, taking the voltage ratio, !iL' as a variable,

are shown in Fig, 20,

   At the points y.==10-o'40 or == -10+o'40, the voltage ET, or Eri
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respectively beeom6 zero.

    The tripping area o£ an impedanee relay with ]Yl ==50 p.u. is out-
side of its cirele as shown in Fig. 20.

    The normal operating zone is shown by the dotted area, whieh is
enclosed by the relay circle and the voltage variation curve, if 20%

voltage variation is allowable.

    The unstable zone, where large frequency swing occurs, is at the

outer side of the co-ordinate plane, and the phase angle between Ei

and E. are about 1200-24oO.
    Tfie voitage and power at the middle point of the line is obtained

from the fundamental cireles,

         CiJ = -B-,--i-Il-B-- ==-T 8s p. ..

         ()U =:: -i},1-B = -j21.6s p...

taking terminal 1 as sending end or terminal 2 as receiving end with

respect to the middle point,

    By the above two difference methods, however one obtains the
same results,

    The reeeiving power from terminal 1 at the middle point is o£
eourse equal to the sending power from the middle point to the ter-
minal 2, as it is a sound line in the case of frequency swing,

    The graphical expression is not shown in Fig. 20,

    The process of seeuring this expression is as follows.

    The watt powers at the middle point are obtained from the circles,

'passing through q=±10±j40 and having their centers at q()1, line.
(2) The middle point voltage E. is obtained from the distanee between
the point, q and a certaih point, X on the co-ordinate plane, by using

therelation E,,,= EiOrE2 .
                  IB,1 ×                       qx
    Therefore, at the remote point £rorn q the middle point voltage
may become zero.
    Conclusion:
    On the admittance co-ordinate plane, the tripping characteristics

of relays, which are at a certain place of the line may be expressed

as well as the transmission characteristics at normal operation. In this

expression, various circle loei, whieh are introdueed £rom the £unda-
mental eireles in Chapter 2 may be available.

i
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                        APPENDIX

   TRANSIENT STABILITY OF TRANSMISSION NETWORK,
                  WHEN THE EFFECTS OF
       SALIENT POLE MACHINES ARE CONSIDERED

    g1. 0utline of Applying the Power Circle Diagram Method
               for the System Stability Criterion.

   The power circle diagram method may also availed for stability
criterion, Some simple examples will be shown for the purpose of
explaining how this method can be applied.
   In Fig. 1, the power circle diagram ･for no loss line, connecting
two-synehronous machines, has the radius of E;'EL' ,and its center is

                                         ox
located at lf?. The power limit is at the point, ¢==900 as shown in
          ox
the above figures of the cirele and the sine curves.

                    1Z                   N--" ---rv
                           j'x
                   .E ,-1 ff i-1
                     jQ

                     oe
                          QP
                      .P
                  Si
                  jx -･           mdi -jti?i,]x ..

one

                ISoe
                   C;3'llxEf R=tfu'xEiE2

                   ?==P,=P, Q=P,=Qz
       Fig. 1. Power eircle diagram for no loss line, indieating

             sending and receiving powers.

If the series reactance suddenly increased to o`2x by disconnecting

line of the double circuits, the radius and the position of center

P

----

1j=x1.Gen.

eb

"ip
2.tsfot.



Tripping Characteristics of Protective Relays on Transmission Network,

N - N
 1

ff,-1

  j2X

  j･2X

P-- Pl =` P2

 z

ec,==1

335

jp P
o ----e"--- - yxn-

T.1 -..- ---.
xx tNXNy'

1A' xxP 1INt-1J2X NN

' tx'i N ' NN
1'J2x

V'e Nt.o t AeAleno

1NN C
I-po

NV'1

NN V'e1¢/
Nx NN

N N
N ' x
N - NlN -s- .- N.er-

JSoo

            Fig. 2. Equal area method for the stability criterion.

are changed into EiE2 & E; ,respeetively, as shown in Fig,
                        j 2x                 o' 2x

   The equal area method may be applied to sine curves as
in Fig. 2. That is the integration of the accelerating power
S:iP.==O. And the condition, Ai=A2 is graphieally obtained.

    When shunt inductance loads, that is -jy, are connected
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two ends of the line, the circle diagram moves as much as -o' y on the
vertical axis as shown in Fig. 3. For simplicity, E]i==E2=1 is assumed.

It is remembered that the power limit is independent on the shunt
loads.

   For a phase ground or a phase short circuit unsymmetrical fault,

it is known that the equivalent positive sequenee circuit ean be ex-

pressed by an equivalent intermediate loaded line as shown in Fig.
4 (a) or (b). For a phase disconnecting fault, its equivalent positive

sequenee line can be obtained by inserting a series reaetanee as shown

in Fig. 4 (e). In these cases, stability limit may be determined by the

method explained in Figs. 2 and 3.

                                         o'x                .e'x ,
                                        '                   -J'Y -- -,iV -jY

                  (aJ , l6J
                              o'x'

                     'Nv N

2Te

 Fig･
(a), (b):

  (e):

G
E,=1

          (e)
4. Equivalent positive sequence eircuits,

 ?hase grounding or a phase short eircuit,

 Disconneeting fault.

             M

            E,=1

    (a}
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1
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    For shunt resistance loads, the center of the circle moves in the

horizontal direetion as much as 1 in distance. These sine curves and
                             R
the circle locus for powez' and power angle are shown in Fig. 4(b)(c)･

It is remembered that the accelerating power is independent on the
shunt load.

    For a transmission line with a series of resistance and reaetance,

the circle diagram may have its center' at 1 . There£ore, the
                                        R+jX
relations between the power and power angle are shown by the sine
eurves or the circle in ]Fig. 5 (b) (c), [I]he sum, Pi+P,. is the total trans-

mission loss.

                                   2
                ((i;]>TnyJVNAit(::1pa5AL-"<{l)+x ,

                Elza1 E,.==1
                          (a)

          oro
                                                   ¢･

                    ISo
                   {b) (c)
              Fig. 6. Cirele diagram with a series resistance.

   The T-circuit with an intermediate load may be transfoymed into
an equivalent n-circuit as shown in Fig. 6 (a) (b). The relations be-

tween the power cirele or power curves and the power angle are shown

in Fig. 6 (c) and (d), which are easily obtained by the same way as

the previous examples.･ ,
   Lastly, in the ease of salient pole machines, power eircle diagram

is not applicable. However, vector locus of power and power angle as

shown in Fig. 7 and 8 may be used. In this case, the stability limit

is not at ¢==900. These kinds o£ cases will be explained in the fol-
lowing sections.
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8. Examples of current vector loci for
   Salient Pole machine,
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            gZ. Introduction to Salient Pole Machines

                         with Necwork

   This section is intended to explain how the deformation of the
usual power circle diagrams is eaused by the salient pole machines.
The effeets are not negligibly small. However, the calculation requires

a considerable labor.

   The characteristics of the salieRt pole machine are expressed by
the following formulas.

   Excitation voltages are,

         Eo = -Ei + x,Ii sine+o'.2Yl,Ii eose

            = -EL +jS (xct+xq) 'Tm o' -12 (xci'Xq) 'Zik

                         ･･･････-･･--･･･ for steady state.

         E6 == "ETi+3'tu5 (Xt+Xq)'L-3'-} (X2Xq)Zk (1)

                         ･･･-･･-････････ £or transient state.

         Eig= -ZZ4+j'x,IL ･･････-････････ for approximate calculation.

In the above relations,

         Eo: excitation voltage
         E6: excitation voltage at transient state

         Ei: terminal voltage
     L & Lk: current and its eonjugate value
     x,e & x,: direct and quadrature axis reactance
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         x[i: transient reactance at transient state

        EJ,: voltage behind the transient reactanee
         E.: voltage stands for Potier reaetance

         x.: Potier reactance.

                                  Es hh"-E-----N-o-------i.--
                                                   :
                                                   s

                                 "`' -'-'i
                                                E. i
                                                   i
                                 E,"-"M"-'"-----:'-" l

                                             tl
                                             ll .I
                                             tl                                           te I                                             ll                                         tl l                                        ttt l I
                                       .K , l                          s <poll                          .> XG( IEvEpi
                                         Nt                                         sl                                         sL                                          xl ,
                                           xl l
                                          xpll l
                                            1)                                            il                                                   ,
                                            lp lt･ lr
             Fig. 9. Vector diagram for salient po}e maehine. .

    The vector diagram is as shown in Fig. 9, The output current
under a constant terminal voltage and excitation is expressed by

         Z == {-}(.,f't15}21X`lial2iXq().,,-.,)}2 Eimo' xi,, E`'e'j¢

                      a'S (xd-x,)

             - . .E7,E+j':'pt (3)   ' (-liJ(Xci+Xq)]"-(Lli-(xri-x,)]2

when Ei is taken as the standard vector, ¢ is the power angle between
Eo and Ei.
   The watt and wattless power at the machine terminal is

         Pi+0'Qi :=: Eikll (4a)
in which ag is the value of equation (3), In order to obtain a similar
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diagram as the power eirele diagram, one obtains the following equation

after changing the sign of current 1,,

         P]'jQi = '(Il,lll(., i.','tl""m'('Xfii i, IZm.,)}2 1EilL'ej2¢'j .i, E'iE'oej¢

                 +'(IIII-I(x,,+O'xi/.;itiillitlllq)(.:,].",s},i]Eii2ej-"pt (4)

   This locus, as we}1 as the eurrent expressed by Eq. (3), is a so
called Snake curve as shown in Fig. 8.

   For the caleulation of stability at the transient state, one may
take transient reactances x:,, xG and transient excitation voltage E6 in

Eq, (4).

   The voltage back to the quadrature axis reactanee is

         Eq =i Ei+0'Xq'Zi = Eo--ici (Xct'Xq)

          i,=l,sinO , (5)
   The terminal voltage is

         Zi'i =' EQ-o'x,-Zl

            hM "lib-iti (Xtt --' Xq)-S'Xq Zi (6)

   Example 1.

   Draw the output power locus o£ the salient polemachine at steady
state and transient state, when its terminal and excitation voltages

areconstant.Thedatagivenareasfollows: .

         E,=lp,u, x,,=1.0 '
         E,=1.5p.u. x,1=O.3
         E6=1･2P･U･ Xq=Xq=O･6
   Solution:
   At steady state, taking E!i as the reference vector, one has

         Pi +o'Qi = -o`1.25 +o'1.5 Ej¢ +o' O.25 ej2¢,

   A't transient state,

         Pi +o'Q =:-T -o'2,5+o'3.95 ej¢-o'O.835 ej2¢.
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   A salient pole machine
series impedance Z=T+o'x,
thg following form, as will

                 Fig. 10. Power loei for saljent pole.

   In the above example, the effeet of magnetic saturation is neg-
lected. The magnetic saturation effect is shown in Fig. 9. In the
case of constant exeitation field current, Eo changes due to the direct

axis eomponent id, The exaet solution is very complicated.

                      12
                         l
                         t

z--

    l    i r-vjx   El E2
    Salient pole meehine with

    a series impedanee.

   is eonnected to an infinite bus through a

  as is shown in Fig. 11. Equation (3) takes

  easily be proved:

r--o'x-o'-
S (x,i+xq)

                      Eo

wv"mp'E

+

T2
 + (x + -21- (xd + x,)lEm (

         T-O'X-0'Xoq

S(xa-x,)}2

r2 + fx+l
l2
(xd+x,)lL(g(x,i-x,))g

o'-
5 (xd'-x,)

"- (S (xd - x,)} 'L'

Eo Ej pt

T2+f
   t
x ± -ll- (xd t x,)]

E.e3'"-¢ (7)

t'
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Terminal voltage E, at the salient machine is

        Y, = E,.+(r+jx) z'

   Power of the machine is

        Pi +o'Qi == -ZILk4k := E!,kil + r7I-llk-j'xuZl -Z]k

Power at oo bus is

        P,+jQ, =: ]II,,q

        Pi+o'Q,=P,+r]-Zl12+o'(Q,+x]uZila) .

   Nextly, a salient pole machine is eonnected to an oo bus
a general transmission line as is shown in Fig, !2.

                     12
                        I

(8)

343

(9)

through

                    SIIi y,,yi, I2

                        El. E2
                 Fig. IZ. A salient pole machine with
                       a general transmission line.

   The general matrix Equation (3) gives

        Z =:-r Y,,-iEL-yi,E,

consequently,

           nd Z+y,,Ie,,        -EII                                                   ae)           h Yll
   Putting short circuit admittances as -L =R+o'x and Yi2 =D, one
                                                NZ,                                  .IYi,
obtains

        JEJ,=jli}mE,+(Rlo'X)li ' (11)

When this equation is eompared with Equation (8), the eurrent and
XOqWu2EioMrsaY(7)b,e(s9batnai[n?gd).in the same way as was employed to derive

   Two salient pole machines are eonnected through a line impedance
r+o'c, as is shown in Fig. 13. -

        EToi = Ei+b'rm5 (xcii+xqi) T-oLS (Xcti-xgi) lh

        Ei := E7L･+(r+jx)T
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2

           '512 r+ix ssil

Ei e?, E2
                IXfi

I ..(.go'

&

                                4
                                IXqe
                               EQ2
               Fig. 13. Two'salient pole machine problem.

         Eg2 = E2-o'-E (xd2+xg2)T+o'-5 (x(tL'Hxq2)uZit)

Therefore,

         liT,, = Ef,2+(T+ju) -ilr+o'-12 (xdt+x,i)Z'

             +o'-5 (xd2+xq2)T7rj'S (xdi-xqi)T"o'-E (xdL)-xq2)T

                                                 'or negleeting small value of T, and putting

         .Xll =: Xdl+Xd2+X l

         Xh = Xqi+XqL)+X J

one obtains

         Egi = ll]g2 +j rmE (YLi +-2Yli)T-j-> (-XLi tuaKi)Il;･

   This equation is the same type as Equation (1)
Therefore, two salient pole machines may be treated as
single maehine.

       S3. Transmission Network System Containing Salient
         ' PoleMachines,andtheirPowerDistribution.

tion (3), takes the following form when the terminal
salient pole machines are taken, and when all stati6 load

eliminated by the method of short eircuit matrix.

explained

   an equivalent

       '

(12)

(13)

 above.

The current matrix for multi-terminal network, expressed by Equa-

                                           vo!tages of the
                                             terminals are
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          I Ii,E,,-y,pa,･,-y,,E,･-･････-･
          -ZII -zy,,Iil,, IYI,,E,,,-y,,-ZIX,･････-+･･

          eql= -y,,-E4,,iYI,,E,･-･--- (14)
          -z;, ( ''''!y;,,,E'..

                                                   '
   The terminal voltages of the salient pole maehines are giVen by
Equation (1):

         Ei = Eoidij'-5 (xdi+xqi)llZi +o'ld12 (x(tim-xqT)11

         EL'=E"2-j'"l(X(ik'+xq!)-Z;.'+jrlll-(xal!-'x,!)I., (15)

                                            '

   Introdueing the above equation in Matrix (14), one can obtain all

the currents between any two machines, from whieh the network
system currents are composed. Their solution are explained in the
preceding section. However, the solution requires an enormous Iabor,

In the following section, the case of two machines and three machines

will be explained.

      g4. General Process of Transient Stabilitv Calculation,

              by using the Symmetrical Component
                      Admittance Matrix.

   (1) Stability of the system without salient pole machine. Practical

       method of stability ealculation.

   By using the symmetrical component admittanee matrix equation,
the positive sequence currents and the voltages for stability calculation

may easily be obtained at any sort of faults. For the transient state

calculation, the transient reaetance xa and the voltage behind the

transient reactance E6 o£ each machine must be taken, The transient
power is E6 times positive sequenee current.

   The initial conditions of the system are obtained by the power
matrix Equation (3), in which the machine reaetanees are not ineluded,

by using the maehine terminal voltages, There£ore, the air gap voltage
EJ, and the power angles, including the machine transient reactanee,

must be obtained from the terminal voltages and the currents of
machines at steady state.
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   The relations between power angle and time for stability deter-
mination are calculated by the step-by-step method or by using a,c.
calculating boads.

    As a practical calculation, all resistanees of the network are neg-

Iected, and the transient reactance are used for steady state calculation.

   (2) Stability of the system, containing salient pole machines.

    As the matrix equation can not include the salient pole machine

constants, one constructs at first the current matrix of symmetrical

admittance components by introducing the symmetrical voltage and
currents at machine terminals-Ei, E2, EO, Ti, l2, IO.

    The machine constants-x,,, x,, ZO and Z!-are not included in the
above matrix. These constants satisfy the following relations:

         E'i = Ei, wj-l (x(t+xq)T` +j-E (x`i-xg)'4

                                   '         E2=(Eg :=: O)-Z2I! (16)
         Eo == (Eg = o)-zolo

By using the latter two relations in this equation, one ean eliminate

the negative and zero sequence component. In practice, zero com-
ponents at machine terminals are usually zero, because the high tension

side of the transformer neutral is grounded.

    When only the positive sequence components are taken into con-
sideration, the power of the salient pole maehines at any faulted con-

dition are obtained by the method explained in Section (2).

    At steady state, the excitation voltages, powers and power angles

of the machines may be obtained from their terminal voltages and
eurrents by using steady state direet and quadrature axis reactance.
However, these values are not used for transient stability.

    At transient state, the transient direct axis reactance and the
transient excitation voltage must be used.
    The effeet of the sa]iency of the machine on the system stability

is not small, Moreover, there are more complicated effect of the
magnetic saturation, whieh is non-linear.
    To tinderstand the above explanation, a simple case of stability

problem may be shown in the following section.



[£I-81:a2£i:att') 8a2i:;i: aiiYylii Oo nyE-"Z'li -E.Yi';"8 g oO                                                  r .i;i

(T?==O)+aTl+a2.Ti' OaYl,aLY9,O-ay:".-a2yr,O O O O
   zs + Ts+ uz7tr                                                  EP, =.
                  O -yl, -y?,･ Y& Y]o.,o :Yi',? O -zlJ3 --yg,                                                   :ES-E5'
   Z8 +a2TS+aT5'
                = O -Aa2y], -a y7, Ye,, a2[Yh alY;2 O -a2yL-3 -ay!.,                                                     Eg
   -Z'S+alrS+a!Tb2 o-ays,-a2y;-,[yg,,,alye,a2Y;,,O-ayl,3-a2Y;t}3 E7]'

   Tg = Tg ::= -]rg

 (Tg,.==o)+ Ts+ t,l) o o o o -･yl., -yr,,o ya, Iyli, o
    o+a2-]r,l+al't? o O O O-a2zt5,-azfrt,,OaL'Yk,aY;B                                                     EY,
    o+ar,l+a2-ZX Ro O O O-ctyl.,-a!y;'30aYg,a2Yg,.                                                   (17?

   The short circuit admittances at the generator terminal 1 and the

infinite bus 3 have no zero sequence component, as the high tension
sides of the transformers are grounded. Also, by the same reason,
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    gS. Transient Stability of a Single or Two Machine System
             at a Ground Fault, Calculated by using
           Symmetrical Sequence Admittance Matrix.

   A transmission system is shown in Fig. 14.

                 yky3, qS,ul
           N
          yl,y,z,A,jii!" ythyl,y,2,.iYAy4,y3,

                        (a)

            1 U,',2 Y,', 31 U',SaiAs 3
            '            siit-s:, Ky:,},.xlk-IEi3=$3 UiU.lig.u,a,stss, S;kYe

                tb} - (c} '
                  Fig. 14. A phase ground fault.

   At terminal 1, a cylindrical pole generator is connected to an in-

finite bus 3. Terminal 2 is considered as a ground faulted point, where

a phase is grounded. Then, the current matrix expressed with sym-
metrical admittance components is as follows;

                                       o >
i
e

E
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there is no zero sequence driving admittances between the terminals
1 and 2, 2 and 3. 0nly the short cireuit admittances at the ground
fault point 2 exist as the zero sequence,

   Taking out only the positive sequence current from the matrix
(17), one obtains

        (;l)==['¥,ii :S'g" -;'i,;)(gll')

From the relations -ZrS=T6'=]7J and -YP,ttES-[Y82E3'= 'YG'.}li'== -yJ2-El

+ X2ES-yl3-Zlg, one has

        Eg.-= ye. +Yy:2 :. ES (ls)

        EE, .. yl,pal+zll･,-)ET], (lg)
                   1            Yl.,+
                 ZO+Z2

        TJ= ii}Yg.k'2Yy!61 Ezi' := z{FSzS,, form (18)

            Tl > Yl,--yl, O .El
                 i         -z,"E+i'2]z,1= -Yl.o Y"2 -Ztl:i EE (20)

            Tg, 1 o -y4, [Yg, .E]g

   Equation (20) expresses that a phase grounding is equivalent to

the load o£ ZS'2+Z,r,, at the ground point 2.

        (I, [Yl,Ei,,-yl,E71, O
        [Oi,=-gliEi'[Yl'2t/i-oz･L+lilL,zi.･E5'HiyY,iiiilig (2i)

                                               'inwhieh,zt,== 1 and[Yl,+y.=zll,,+yS3+y,=A. WhenMatrix(21)
           Z.O. + Z･?o

               1OO
is multiPlied by Yi2 O Y2" , one obtains

               dA
               OOI
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       tll)=t(iY/'-i/idijl,]Eil(.:,,S-'tiYii.i,,g)., (22)

When this relation is expressed with power unit, the result is,

       (il.'l,gl)-=(Yg･Z+,i)tlliliY//℃gie,9ij;.℃diiY,i".E.g3gb',,) (23)

 N                        -
    GroundFault-Nrli-ptSi5='j3,03 "TIL=-5Z38
           -Ny:-S7,-jilr,35 sf2i3--jll.05
           -lr1,-Yas-j13S trVl,--jls.6
           -NC;=Y,2,--j6,7 -
    Normalstate Ntll---Yis=Vg3=-jl･7S P-za･ Nt/ i17E: t'Ki,
                        ･ t ,.Rst1.78E3-il.78EIEs
                             't 't            Fig.15. t i.t i                               l "de-' t                               tsZ,95Eg 2t

jQ

P

'
d- --N

O,6 hNLO,N
.L5

' s

2jxi

,"''R,=1.78V

N

N2.--
11
st

' l

: -x･ -t- -N
lx.' 1--b NN

trtN

                                ×   Obtainthepowercirclediagrams X
for a ground fault in the transmission

line show.n, in Fig. 15,

   Solution:

   At the normal condition,

       (;l:i,Ql)--(Tl,il3,8.Ei.,,-+;,il,7g.E,,iEJk)

which is shown in Fig. 16 in dotted lines.

   At a ground fault, one obtains the following
Equation (23):

       (P.i, ;lgV -- (Il, 2,13,5, E.la. t 11 ,Ol,9g .EkgEik)

                                 'This is shown in Fig, 16 in full Iine eircles.

    R,=O･975E3""ti2.35EIEa
        ttt
   R,=O,9.75E;-j2.9sE,E,

---- --h-- o---F-

      Gtieund fgult:
        full line.
      Norpial state:
        dotted 11ne.

  Fig. 16.

power matrix from
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  For the salient pole machine, one employs the machine
voltages ,E7i, Eit and E2 in the above matrix Equation (17),

the machine. reactanees. E? may be taken as zero, since
former neutral is grounded,

                t23                  i

 terminal
excluding

the trans-

                  l                 Eo E2 Es
                 ES
                 Ee
                   Fig. 17.
( aStr .fi]･ (8 .!yYlii .;i; O,-.;g,ii; Wirg 8 g

l aTi+a2Tz'? LoaYl,a?Y2i,O-ayl2-a2y?20 O O

 uzrs+-z-s+ .TS o -zfl-. -zl7', ][Ig-.) YS,･ Y;2 -Z/;3 ---Y;'p･

    O =O-aPyl..-ay;,IY9.,,a!IYS,,aYrt2 -a2yr.sHmy;'3

    o O-ayl2-a2y;2Yg,,aYl,,.a2Y;',-ayl.3--a2yrt,

   TA+ Z;, o O O O -y2, -y3-,O YA, IY?s,,
              o o O -a2ye,-ayZ'BO a2[Yg3aY3"',,  "ETTi,++."."//11) g o o o mayi,-a2y:,,,,o ayg3a!iY;3

Since -zrg･==LzrG=Tg.-,

However, T?== Y:-,E?-yl,Ei", = -E7r'
,                   Z2

pedance.

      E?= Y?2 E;-
          y:,+-
              ZL'
     ;･', -YS,ES-[Yg,E;-=-y?-,(y¥,Y+"?,)E3-+IY;-Eb2=Y:-:E:-

      .Er,T,= -IYg'L] Ers y;-s=-y;, Y?2 +ye=1
          IY8,+Yr,S y?,+! zL"
                              Z2

   o
  sl

E9= ･: (ES + E/?)

  Eg
   -  Eg

                            ･--････････････ (24)

Yg,El･ - YSE,7･ -- -y?,-Ef+ IYti',-EJ: = -yl,-ETi+ [Yl,ES-yl,Il75

               and Z2 is the maehine negative im-

(25)
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                IYg,Y::5 Eg   Therefore, I}= [yg.+yg: "

Similar relation obtained in Equation (20) is

        ,-,iEl//i･･ ='= -Yi; Ig･iiJ:-:r) ilO '(26)'

   Example 3.
   Obtain the positive phase current of the salient pole machine
a ground fault. [I]he line constants are given in Fig. 18.

            .ew･x2 3
           ss i

351

att

                l
           -Ei=1,2- -E;
           Xg=je.6 E;
           )cd=j'e.3 E;---e

            2 lt                    J

                xio
         Fig. 18. (a)

   So}ution:
   By Equation (25), one has

       Y;-,;..,nyy?,, ZI?2un

                y:,+-
                    Z2
               12.52
            -o'12,5-o'6,66

            1       Z2' == ly,,, = 3'O.092

             1       Ye = z,l7,, = ino'6･4

By Equation (26),

    )C x3O-l5 rYT,sY,,= '12,5, X;=-jle.5, `X;--Y ,-jG.O '

         X RSfg=jre･S, Y li -j19･O, {:--n`'jB.5

                NY ;-j15.6, -:Eif;:-e

          A salient pole maehine at a ground fault.

               + Y;2

              w' 19.0 = -o' 10,85

Zo+ Z2' == jO.064 +o' O.092 =: j' O.156

E;-1

E,ec-e

E;-O
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        (,,/6,.,)=[nviil:ig,i ii2,i5,l -ii2,)(g'il)

Elimination of Ee gives, ･
         [fi,)=:[-l,:i2gi -liigg,][:i･]

The terminal voltage Ei and the current L of the salient pole machine

given by Equation (11) is

        E,= l) E,+(R+jX)li= t'2,E3+-illlZ

           == O.385 E, +o' O,176 I, .

Therefore, the air-gap voltage of the machine is

        Eo = 0.385E3+0'O･176li+3'-} (Xh+Xq)IimjeS (Xh-Xq) Jik

Taking E3 as the standard vector, one has the following relation by
Equation (7).

         -ii=-{..fli-Ii£'X.-.()f/nv(X{a,irf£-.,,}L' E'2 '

                + -0X-0Xq E,Ej¢                 (X + unli- (xd + xq)) "L ('li- (x,e nm x,))2

                                 '                        o'-5(xd-xq) E.ef"'

               -(X+-ll-(Xd+Xq))!-(-ili (xfi-xq)l2 "

       '
Substitution of

      '         o'x=='O.176 x,=O,3 x,=:O.6

         E,==1,2 Eo=O.385 E3=O,385
gives

         Il = - 7'O.65+ 7'2,5 e'¢-iO.155Ej2¢
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The results this final form is shown in Fig. 18 (b).

   The positive sequence power of the machine is

       Po+O'Qo = E]lkll

            = (O.385 E,,-o' O.176 Il,) ll

            =:: O,385 × Il-s' O.176lIl ]2

Therefore, the locus is the same as Fig. 18 (b), except the position of

the curve moves down as much as -o'O.176 ITII2 and the scale for power

changes to the value multiplied by the factor O,385.

g 6.

 I?+ Tl+ TI
 T?+a2Ti+ al'I

 Ti + al'l + a2LZii

(-I9==O)+ Tl,,+ lli

(T8=O)+a2-Z71+alli

(Ig -O)+a4+a2Ti'l

Z-Z. .:4==-L
 -Z}l+ Zll+ Tlii

 Ze + a21hi + al'

 Z,g + all + a2Tli'

1.,

-- -- -s.ss
N

1
IO

-¢

NN
N!N

rr=:

20 io
IU

1

20

1

L t
'

.io -I

NNN

NN

NNNsh-
2"

---

'

r,=:{O,u,s5'P")

             Fig. 18 (b).

Transient Stability Matrix of Two Machine System
   at Single Phase Short Circuit Faults.

                     Io Y9, IYI, Y?,--zt?, -y,, -yl,]O O O

 Y?,a2Yl,aY?,--y?,-aL"yi,-ay2J2O O O

 YgiaYl,a2Y?,-y?,-ayl-.-aL'yr'2O O e

-zv?, -4yl, -zi?, Y8, Y' l2 Y;',--･yg:i --y3, -y:3

-y?, -a2yl, -ay?i Yg,., a2Y32 alYga -ye:s -a2yS3 -ay;',

-y?, -ayl2-a2y;E Y:, aY4, aL'IY;, --y,O, -aya,--ay2:,

o

o

o

o

o

o

e

o

o

-zlgu -zl4, -y;';3

-yg, -a2yl3 -ay;3

--
y:, -ayJ, -a2yrt,

Y:, IYA, Yk),

Y:, aL'YA3 aYIB

IY'Pi3 aIYABa2[Y/i,

o

El

o

ES =O

 ES
Eg- :E

<

o

EA

.........･-････
 (27)
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                     123
                    ([iii>-}-･ Eil[}ilE-((il)

                           Fig. 19.

   Refering to the unsymmetrical matrix equation and terminal con-
dition in equation, one obtains the above equation for a single phase

short circuit. Taking out only the positive sequenee,.one has

          fii)-::'-gl: igii･ -yl,, (s,,,l)

   For positive sequenee and negative sequence, there exist the fol-
lowing relations: E3:==E,r,IS=T;=Y4LES=:= Ye'Jtr, where ".i].-.=ZL', and Z2

is negative impedance.

Therefore,

          y,,,l,T3)-:(-#iu -hgiil･ -;･i,! (Z･ii

   By elimination of the faulted terminal 2, in the same way as ex--

plained in Section 5, one obtains the result as follows:

       (PpillQQi)= (Iili./tll'lll#i;X･}sleii('ygJ'/EinX.' 7kll･lliik `2s'

Thus, one can treat this problem as a two machine problem.

         g7. Transient Stability Matrix of Two Machine
              System at Two Phase Ground Fault.

                     i23
                    (}K- iC2-(9

                           Fig. zO.

    The admittance matrix is
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/E,:."a'//i'ls../tnell,e}i/i£.}liiii;･liri/Iia]'Z･llllJ.iilli: i' g) e,`)

L]Eg.+17,3+.Zl,lrr=::O --y?, -yl,, -z/:, Yg, IYI, Y,?l,.--ye., -yli, -y:, E'g.=El･

T]rE == - (fe. + Tt7)

fg.+a:TE+aTLr -y?2-aL'yl,,-ay?2Y:,.a2ag,.aY;..Ly:3-aL'yl,3-ay:,,3 El,
Te,+a,.Ti.+a24 -yg,-ayl,,-a2y2i,Yg2aYl,,aL'Y?.,.-!I:3-ayl3-a2yitr3lllg.=:ES'

         E Og Og IYzi,ll-i.:.11/13`-Tiii,;'l./ii/ii, ttttill;i,//;.l/3v}iltl･'1 e`j

ig+ rE+ Tk'
I,g + a2llZrA + a.I"k'

I'g + a.]rA + a2LZ-s'

                         .....･.......･-･ (29)
Since JE=--(lg+l3･)=-(Yt7,i+Y,,Li)E,;',

     [-(y2･2i+lyr,.o)ii7":-:(-[lilitl IiS,i'f,i., -,.yO:,:hi(i.EiI.lj

The two machine matrix for two phase ground is

  (Pi +3'Qi) .,H, r(Yii- ye.,. .('Yy'i:Ll;. yg,,)tiEJ'ilL'･ yg,Iilll:i:i/L..,Yi'3y,,,                         - i,..EgEl,)

  (P3+jQ3) (ys,.ilICI'i/IYi3y3--.,.Zi'i"E]"tk' (Y?`"-yg,+tti,.),iyl,IE,)IE3[21)

                          ............... (30)

     g8. Transient Stability Matrix of Two Machine
         System at a Disconnecting Fault.

            1 23 4            <{g)-di--･ ige::I.i-.ilE.{l})

                l3vh
                Fig. Zl.
Admittanee matrix is as follows.
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:iwa･fil; ak' )

 T?+ aZi+ a2Tir' "

Tg.+ Ts+ fs'=o

-(TE+a2Tl+ang)=-Z2

-(fg.+ail+aL'i"tt;)=T.,D

-(I+ Tg+ It')..o

tt,+au7.i,+ctZ;=T,,

rZl.O.,+a.ZJA+a?Tk'=TaL'

 1'+' a2TT'i` '+ af`i' 1

 Ill+ a.Zll+ a!1"tr' ./

 Koji OGuSHI and Goro MIuRA

IY'?, Yl, Y?, -y?., -yl,. -zf:,,, OOO OOO

Yg,azlYl,aYg2, -y?,-a･:'ztl2 -ayr',, O O O O O O

YgiaYi,aL'Y'1, -y?,, -ayl,-a2y?,, O O e e O e

-y?! -yl,i -y?,) Yg, Yl, Ys',,ooo ooo
-y9,-a2yl,, -ay:',, IY!.,a2Yl,aYl7,, O O O O O O

-yg,,-ayl,-a""y?, Ye.,aY,l-.a2Y/l,, o o o o o o

ooO OOo,Y,,, Y!, iY"g, -･yP,, --ybe -yZg

o 0 O o 0 O IY'g,aL'Y;,,alY?s･, -y9,g---a?y,L --cvzfZ4

o o o o O o JY:, alY- ,l･,aL'[Yli',, -eig,-azfl" -a･yg'4

O O O O O O -z,fg, -ztE, --2iZ4 IYk Yki YX,

O O O O O O -y&-a//Iyli'rayg,` IY&a2Yl` aY}',

o o o o o Os-zyk-a!tk',-aL'yg, Yg,,aY,l,aelYli',

         ･ Ii,,o,.. ""-[Yg･,･ v
             Y:,, + YIS';i
         .n E:=- m:Y:g-z y
             [Y,?r,,+ YI:3

                Yl, + YI,,

 e
El

 o
E]S+ V

Eg,+V

E'L.+"v

 Eg.

 El･

 E;-

 o
 Et?

 o
                             (31)
  From,second and third row of this matrix, one obtains

zero sequence; [Yg,,,(E]g+Y)+IYgJg.=O

neg. sequence; Ye,(ES+V)+Yll,Ii7L?=O (32)
post. sequence; -ztl,.El+Y},,(El.+"V)+Yl,,El,-'y",E3 =O

                     ETI .., - [YS'L)V+wtEl+yk,IiTsi

  And also,

     YP,E.,+ Ya,E]l+ Yg,E.;'-ykEl = O

therefore,

    rm iX.;'.'] tt/L,, Y- y{t.51 tttgv- y{,,i//' t-y'il?z, v+ yl,.5.'Ye'"'l,, E

    + YtwEi Era-(Y2'2+[Y'A3)Y:l4 Iirl.,.o

     Yl,.) + YE,            Yl.･ -l- Yg,
and
        tt2i'-.3illylA3.f,,El ul tt,;31..`+[Yiilig, E'G

     V ==       }tl'lli,,,:ftiiY}1"g,+rmyY.{.'l'lllitt/3E,+[yll'Ilig,illitt'l,ll',,
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    El'+V=[y,g,es]"y'g,,V+[ysY+l'21y'l,E'l+ya,.Yi"yE,E4 (33)

  Taking out only the positive component £rom the matrix (31), one

     11 ([Yl,Zirl-yl,(Ee+Y) O O
     itir=:-rlHY6':"E]l YSL'o(ES'V) y2,,Es-yO:,a (34)

     ny ko e -z,kEe, JYE,E!3
  However, there are following relations in the symmetrical seqvence;

    I,l + l.t7 + le, == l.,･ =O

    IJ.=-II,i, Ig-==-It7, IS=-IS.

Therefore,

    I5 = -Ig.-as, = +IS,+Itr = ]YE),E]:+Yt?,,Et?,

  When it is assumed that there are no shunt loads at. terminals 1
and 4,

    Yl, = yl,, =- Yl.,.}

    Y4., ::=- yA, :=i: YA,

     ll         yl,El -yl,(llE]e+V) O O
       -yl,iE'l yl,,(E!l+V) -T3 o   o
        O-T5 zyA,E]S-elg,E74   o
        O O -yA,Er,i yg,ES   .T4
Also, the following relation holds;

   -ll,=l,1= +Ie,+IL7 =yg4 yi/,,+YiO"2g, V-Y?s; Egl/2,Yi'Dy;,

    = (-2p, l- zs;"'+ zt7,lz;, )V=( }k+ b,)V

      Z,O,Z7, Z,,.
      Zrg+Zt74

V

(34 a)
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    [,iil,j=(-/klil!j (yln2/11`"']-lt)･ .///lili,li,,,-/gii ilE;'ilv) (3s)

                          '           1 Z3 4
             Ui'2 ZaZ,2, Y,`,
                z,o,+zfa
               Fig. zZ.
  Matrix equation (35) means that a disconneetion fault is equivalent
to a series connectoon of a impedanee Z,i as is shown in Fig. 22.

  By eliminating E]l, and V, one obtatns,

  -z'i (yi2+,,£.Y.i'2}il.',ll,1,/i'gifl),-;,]ZYi･(",,i....Z'.ti2ib'i,.E,z,,]E]Fi)

  i'4 '== (- yi,.tii2.Z'e'ii,yg.z,,IE'i,(yii- y£.Y.'i',iiiE,l.'z9el,i.u2yZiit)z,]E{)

                         ............... (36)
The power matrix is

  Pi+3'Qi (yi!+-iliiti,+Y-iz'iO)i,Si++yZif,ili'ii,II,-z)L,)iE7ii2･(-sfi,+!Y/li2+YyA"i,yE,z/7]2TiEr4k

      -  P4 +3'Qg - (- yi, + tt/12.℃'icyini, lEyiE4k, (yii4 + y[,lfr//(ki, l gl,l.Ill/:,l-z-:-]iiiii2

                         ･････････-･･･-･ (37)

     g9. Matrix for Two Machine Transient Stability
       Calculation, when Multiple Faults Occured.

            1 S2
NtN. 3 4
6

          Fig. Z3. Multiple faults.

In the case of multiple faults, the power matrix, which is neces-
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sary for stability caleulation, may easily be obtained by increasing
the number of terminal. For example, if a single phase and a ground

fault are oecured, at the point 4 and 5 in Fig. 9, then the positive
phase matrix can be obtained from Equations (9.17) and 9.27;

    ･ Ill=, (mllli,i -Eii -&, 8-&, g l.El,

         ill to-yl,, [IEII.,-yl, O OiE,
         -Zk=O= O O -y,l, lyk,,-di:,-yk, E, (38)

         k (s HzEs g :gi,: igi'r･ ,il,, i,Sr,

Substitution of the fault condition into l4 and k gives the required
results after eliminating E'3, E.i, Es and E6,

            g10. Stability of a Muiti･machine System.

    Formal solution of simulteneous differential equations for the multi-

machine system,

are not feasible.

step method
P. are constant

         (o?t

         ¢n

   The positive sequence powers P. may by calculated

explained methods
a three-machine
eircuit in which the

100 MVA base

n41CZ]¢12=P,,i ' '    dt!

n41, .E!li2¢t!L' = P,2

    altz

Ms !l!¢"" == Pa3
    eltL,

      Although the less accurate, the following step-by-

 is known, when it is assumed that accerelating powers
   in a small interval At, (page 59).

== d¢" == cv..i+ dit                 Pacn--i)
              M   elt

= ¢n-i+zit`on-i+ (2Ati) Pa(n-i)

                                      from the above
      at any faults. One may calculate the stability of
    system, when a ground fault occurs, Its simplified
       sequence component admittances are expressed by
  is as shown in Fig. 24.
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 1
R " i･oo

Hl=3.22

  4

Y,`,=-j4.3

Y,k=-j6.6

     Y;s=-ji.O

     Yk,=-ji.s

       6
6Ys06=-･M.o!4k--j5,O

Eiz-ji.6

1,

45,

6

2, 3:

465 :

1

5

ul6=-j3･6

Ytl}=-j4.o
2

R=o.2s

H2=2.9s

Fig･

Synehronous maehine,
Duplieate line.

The point of ground fault.

        Y4,--･js.6

k-j5･o y{li--j3.6

    N

 Z4.Three-maehine

2

3
     !lls"-ji･o

     !SSg= -ij1,s
    Ys's=1･25

     !!gk=z.2s

system.

air gap terminaL

R=a
H3=1.24

o

o

o

- J'4.3

-a?o' 4,3

-ao' 4.3

- o'6.6

- ao'6.6

-alo'6,6

o

o

e

 3'4.3

a07' 4.3

a o' 4,3

 j6.6

ao'6.6

a"7'6.6

O- p'3.6
O -a"v'3.6

O --aj3.6

- o'4.0

-ao' 4.0

- a2o 4.0

O o'3.6
O di'3.6

O ao'3.6

 o'4.0

  ,ao4.0

aoV4.0

3

Colttinued ･････

o

o

e

- g'1.0 -

 aL'o'1.0

  a o' 1.0

 o' 1.5

a o' l,5

a"v' !.5

I

o

o

o

 o' 1,o

alo'1.0

a o' LO

 o'1.5

a o' L5

aT1.5
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   At initial state, the system operated with a load yss =1.25 at the
t'
erminal 5 of which voltage is keeping rZIL=1, A ground fault is
occurred at the point 6. The zero sequence are ended at point 4 and

5 grounding the tranSformer neutral.
                                     '   The fully deseribed current matrix at the grounding is a as
follows:

   Zero sequenee reactance between 4 and 5 is not considered, be-
cause it has no effect for the ground fault 6 by the transformer neut･ral

grounding.

4

o

o

o

 o' 4.3

a'0'4.3

a o'i'4.3

 j'6.6

a o' 6.6

aL'g'6.6

t

o

o

e

 o'12.9 j15,2
a2o'12,9 ao'1.52

ap'12.9 a2o15.2

o

o

o

 j3.6

a,b'3.6

 .ao3.6

 o3.5

ao'3.5

ab'3.5

o

o

o

 j5.0

a2j' 5.0

ao'5.0

 j' 5.0

ap' 5.0

ao7' s.O

5 1 6

o

o

o

 j'3.6

a2,7'3.6

ao'3.6

 j'4.0

a o'4.0

a?o4.0

o

o

o

 o' 1.0

a2o' 1.e

ao' 1,O

 o' 1.5

a o' 1.5

a2o' 1.5

o

o

o

 o'3.6

a?j 3,6

aj'3.6

 o' 3.6

a ot 3,6

aOv'3.6

O 1.25 1.25
  --j20.2 -j21.1

O a2 "a"
Oa " a2 "
O j12.0 o'12,O
O ago'12.0 ao'12,O

O ao'12.0 a"v'12.0

o

o

o

 o'5.0

a"v' 5.0

a o' 5.0

 o' 5.o

a 3' 5.0

a!o'5.0

o

o

o

 o'12.0 o'12.0

a23' 12.0 ao'12.0

ao'12.0 aL'o'12.0

-o' 5.5 -o'17.0 -v'17.0

-o'5.5 a2 " a "
-j'5.5a "' a2 "

o)

U(lrl

o

YE
o

o

Zl
 n
o

o

Z4
Y3-

I

o

Eg
scg

E
"

l

E?,

Ek l

Eg)
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   The positive sequence matrix:

       (.T,l) -j4,･3Hj,O,, g o'g･3 j,O., g u-.E,1,

        .ZHk o o-o'1.0 O o'1.0 O .EE
        O o'4,3 O O-j'12,9 j'3.6 o'5.0 -Zli
        o o s'3,6 o'1.e j3.61.25-o'20,2o'12.0 .EE
        -zz o 0 O 3'5.0 o'12.0 -o'17.0 scf,i
                                              .......･....･･･ (40)

   The negative sequence matrix:

        g' -o'6.6 o o o`6.6 e oo
        as o-d4.oeo o4.o oo
        Tg oo-o'1.so o'1.s oo
        O 2'6.6 O O-2'15.2 o'3.6 o'5.0 ]ZJZ-
        O O pa.O o'1.5 j3.51.25-o'21.lo'12.0 Mg
        T/t, O O O o'5.0 3'12,O -3'17.0kZt]7i,
                                             .............･･ (40 a)

   The zero sequence: ･
         [TP,]=[-J' 5.5 -ZIZ) (40 b)
    At first, one may eliminate the termina} 5, by the method of the
star-mesh transformation or the short circuit matrix transformation

      (iiliil･}li}s?Eiliiii .-4 , g.,/iiii,t,`iiiiisg,N?" 2,:,,..,iii2i2,2i-i,g,?,l'goOi

        g,".:g2i?:]sse .{,$,i;s...k}£`goot"a , 3YflOg,.:2Ill,:8,.,

                                             !ESto.og-jo.ol

Fig.

   Y3e=o.04+jo.sg
   Y,2G=O.O5+jo.s5

yG16.o.74-jo.oos

Y6Z6=O.70-SO.08

yk= -"js.s

ZS. Transformed cireuit of Fig. 24,

   by eliminating the terminal 5
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for the respective sequence component matrix.

   However, for the zero sequence component, the
merely parallel connection of y,, and zts6. The results

in Fig. 25 and the matrix,

   The positive sequence matrix:

fl(fi'

(ig

The

T/7

.T3

Tk'

.Ttl

o

-o'4.3

  o

  o
  o
 j4,3

negative

-o'6.6

  o

  o

  o
 o'6.6

O.04-o'2.96 O.el-2'O.18

O.Ol-o'O.18O.O03-o'O.95

e.13-o'2,13 O.04-o'O,59

O.04-p'O.64 O.Ol-p'O.18

sequence matrix:

    o

O.e4-o'3.24

O.02+o'O.28

O.13+o'2.27

O.04+o'O,68

The zero sequence:

     [Tg] == [-o'5.5] [u][Zjll]

In the second plaee, one

    o

O,02+3'O.28

O.Ol-o'1.39

O.05+o'O.85

O.Ol + 2' O,25

may

   o
O.13-o'2.13

O.04-]O,59

O.44-o'9.90

O,13-o'7.13

elimination is

are as shown

  o'4.3

O.04-o'O.64

O.Ol-jO.18

O･13-2'7,13

O.04-j'12.26

-･･････････････  (41)

   o
O.13+o'2,27

O.05 + o' O.85

O.40-o'10.2

O.12+j'7.04

eliminate the

  o'6,6

O.04+obO.68

O.Ol+o'O.25

O,12+o'7.04

O.04-o'14.6

t･･･････}･･････
 <41 a)

terminal 4

El

M5
Mk
y:,

Yl

e

o

o

EZ
.Zl/i

simi}arly.

Y,1---O.OS-jO.O07

YIZ=O,1O-jo.oo4

1

Yll2--O.ol+jo.22

Ya=o.o2+jo.31

 .s,.
-sK O,.q'k..

iili'}`ee,os?z',toe ,g"}.:ll[lllllf'

 6 9s-s£';'bdl,",.'gZ'.gS,

      t

-<"(<

Yas=O.S7-JO.06

Yk=O.sl-jo,o6
y,e,=･-js.s

2

YAt2=O.23+jO.Ol

Y222=O.2s+jo,o2

3,

Y2t3ro.o1+jo.1g

Ylk=o,o2+jo,2g

Y,',kO.O06--jO.604

Y,2,=o,og-jo.ootr

Fig. Z6. Transformed circuit of Fig. 24, by

       eliminating the terminals 4 and 5.
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   The positive sequence matrix:

    fl., ,.,(s･.g2sll･zizg, s･.g',±l'･gigz o,io,2`;lgilg o,i2z:oj:izs gi

    /li Lg180,4:l･:iO,g O,iO,gl･j･glgg 8i8,03;lgiZg 81gitl･g･.92 Y.i

                                            ･･-･･-･･--･････ (42)

   The negative sequence matrix:

    Ti' O.Ol-o'3,61O,02+o'O.31O.Ol+j'O,11O.06+o'3,19 O

    Tti? O.02+3'O.31O.05-o'3.21O.02+o'O.29O,16+j2.59 O

    IS] O.Ol+o'O,11O.e2+2'O.29O.Ol-o'1.39O.06+l'O.97 O

    Tk', O.06+o'3.19O.16+p'2,59O.06+o'O.97O.53-o'6.82 .Ek'

                                           ････････････-･･ (42 a)

   The zero sequence:

         [Tg,] = [--o'5.5] [ZP,)

    From the above shown matrices and grounding eonditions, i.e.
Tk=-Tit'= Tg and -Ek'+ME+ZZ=0, the following relations are obtained.

    [1"a]==[O.05+o'2.5011JIO.16+j2.50Z40.04+o'O,69.EAO.61-o'5.76BA)

   [Tk'] :=: [O.53-o'6,81]ulZrk'

   CZg]=(-j5.5][-M},-.E!i]

    Therefore, the unknown voltage Mk at the faulted terminal, positive

sequence voltage, is as follows.

         Ea=-(O.O09+o`O.11){(O.05+o'2.50)YI+(O.16+j'2,50)rc3

              +(O.045-o'O.69)q] (43)
   By substituting this value into the above shown positive sequence

matrix, one may get the fault state positive sequence currents on
respective power generating terminals.

         (fij=(gi2g-.l･gig; o,i,ig±ligiz2, sio,g'.l･gizgl(sij

         k.Z"A7 tO,04+o'O.26 O.05+o'O.38 O.Ol-3'O.891LEEI

                                              ･･････-･････ (44)
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Y12= O`11+jO.92 2

1

Y4,'-'o.3a

 -jl.03

Y;3=O.53+jO.38

yl,

   Y13 --o.o4+je.26

=O.26-jO,9

3
'

Y3=O.10-jO.?6

Fig. Z7. The positive sequence circuit, when a phase,

        at the point of 6, is grounding.

   At the initial

is as follows, from

normal state with

 the'above shown

duplicaee lines, the

matrix (40).

power matrix

E

fiPi +jei

P2+jeL･

P3 +je3

   o

   o

   o

)

J

E

f
(

-o'14.3.M:, O

  O -o'3.6Eb?

o'4.3-ZIL

o

o

o

o'3,6E.

o

  o
  o
-o'1.0E:

  o
 o'1.0-EL,

  o

-a'4,3.ZIL-iElk

   o
   o
-j12.9EZ

 o'3.6,]IL

 o'5.0JTk

  o
j･3.6.IILqk

o'1.0-E4,.ZII,,

o'3.6-ZZL

(1.25-o'20,2)EZ

   j12.0"IZk -3'17,O.E}?

    ･･････････-････ (45)

 o

 o

 e
j5.0mEL

a'12.0LEL

   The unknown air-gap voltages -El, sc2 and -ZIL in the above matrix

are obtained by introducing the given eonditions: L==1"'p.u., P2=O.25
p. u., P, =O, -ZIL=1 p. u, (= 187 KV), ]-iEL1=1.02 p. u. (== 191 KV), -Zll,=O.862

p.u., and by e]imination of the voltage, -Zll, as shown in below.

-Zll = 1.096

E, = 1.e17
 p
-ZIU == O.862

119053' p.u.

13055' p.u. (46)

! Oo p. u.

   The
shown in

matrix (45).may be
 Fig. 28 and Matrix

simplified to

(47).

the 3-machine system    .as as
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YI2=o.22+j!,2g 2

1

YS2=O･6

 ..jO.1

Y213= o.os+jo.4s

    Y:3 '-" O.06+jO,36

9}=O.4s-jo.o7

3

Y313=O.!Y-jO.09

             Fig. Z8. Normal condition with duplicate lines.

   C-P,+o'On,) (O,16-jl.72M: O.22-o'1.29.Ill,uEL,OO.6-o'O,36.ZZla-ZIL,1

   i?,+o'9,1=:LO.22-o'1,29-ELjEL,O,30-o'1.87.iET3- O,08-o'O.48itza,1

   kjP,+o'e,1 tO,06-o'O.36llE].ZZh, O.08-o'O.48nE,,, O.02-jO.93scl 7

                                         ････････-+--･-･ (47)

   The waet powers are

        -P, = O,20 + 1.46 sin (9043' + ¢i,) + O.34 sin (9043' + ¢,,)

        mP,=O.31+1.46sin(9e43'-¢,,)-FO,43sin(9045'+¢,,,D (47a)

        pP, = O.02+ e,34 sin (9043'-¢,,)-O.43 sin (9045'-¢,,b

   When a ground fault occurs at the terminal, 6, one may use the
following positive sequence powers matrix with 3-machine system from

the matrix (44).

   (-iP,+p'<1!},) rO.09-o'2.09Ilr:,' O.13+o'O.92llE,,Y,,O,04+o'O.26Ei;,u]Ei!,,ix

   Y-P,+o'e,1=tO.13+o'O.92ILza,O.19-o'2.33.e;- O.05+oo.38itE,,1

   KP,+o'e,? LO.04+3'O.26-ELIZZ,,O.05+3'O,38-IIT,tz, O.02-o'O.89Mli' 7

                                        ･-････-･･･-･ ny･- (44 a)

   The watt powers of the above matrix are

        IP, == O.11 + 1.04 sin (8011' + ¢,,) + O.25 sin (8010' + ¢i3)

        P,==O.20+1.04sin(8011'-¢,,)+O.34sin(8001'+¢,,,) (44b)

        P, = O,Ol + O,25 sin (80iO'- ¢i,) + e.34 sin (8001'- ¢,,)

   By this ground fault, the output powers or the phase angles of



Tripping Characteristies of ?rotective Relays on Transmission Network, 367

the eaeh three machines will be changed from the values of Fquation
(47a) to those of Equation (44b). So as to satisfy differential equations

of the 3-machine system as above shown.

    The results of calculation o£ the power angles and powers by
means of step-by-step method are as shown in the fo!lowing Table 1
and the swing curves in Fig. 30.

                           TABLE 1

t

o.o

O.1

O.2

O.3

O.4

O.5

O.6

¢i

19053'

22e55!

31049'

46033/

66054'

920sgt

1250ooi

¢L,

 305sX

 6058'

15036X

29037

49045'

7701V

109040'

¢3

 oooot

 102oX

 8027!

2402oi

4601gX

70014f

10201oi

¢12

15058i

15e57t

16013'

16e56t

17009'

15e4st

1502oi

fZS "l

19a53t

2103si

23022!

22013t

1903sX

22045'

220sot

¢LIP]

3055'

5038t

7'09i

5e17t

3026'

6057'

7e3of

k
O.652

O.658

O.669

O.677

O.671

O.660

Pt

O.129

O.139

O.143

O.te8

O.105

O.150

A
- O.O15

- O.032

- O.048

- O.034

- O.Oll

- O.045

                                               '

    For the step-by-step caleulation in this problem, one takes the

inertia constant o£ the maehines.

         M, == 3.22

         ne, = 1,24

    It is assumed that the £aulted line is cut off after O,2 second from

the occurrence of the £ault to make a single transmission line. The
power matrix for this system with a single transmission line may
easily be obtained from the matrix (39). The equivalent cireuit and
power matrix in the sing]e line system are as shown in Fig. 29 and
Matrix (49).

    P,+ne, O,11-3'1.40Rtr' O.20+o'1.03-Zl4,E,,O.05+o'O,29EM,1

    -P,,+o'e,= O.20+o'1.03-ELM,,,O.34-ol.69-]ZJi' O.09+o'O.53-Ia,,uE,,1

    P,+re3 O.05+o'O.29-ZIT,-ZZI,kO,09+o'O,53rE.,n,O,03-j'O,85EZ 7

                                  '         '                                              ･････････････-- (49)

   The watt powers are,

'
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P,

P2

P3

0.13+1.16sin(10053'+¢,,)+O.28sin(1051'+¢i3)

O.35+1.16sin(10053'-¢i,)+O.47sin(9059'+¢23)

O.02+O.28sin(10051'-¢,,)+O.47sin(9059'-¢23)

Yle=o.2o+.jl.o3 2

i

         Yl2= O,6S

          -jO,.13

       L

    Yi3=O.05tjO,28

Yil = O･36-jo.08

Y2i
e= o.og+jo.ss

3

!ll3=O.18-ja.03

Fig.

The
30

        Fig. Z9. Equivalent circuit to Fig. 24, when

                a line 4,5,6 is cut off.

power angle changes in this case are shown in Table 2
by step-by-step calculation.

 TABLE 2 Calculation of power angles, when the grounded
          line is cut off after O.2 second.

and

t
1
.I ¢i ¢2

O.2

O.3

O.4

O.5

O.6

O.7

O.8

31049t

45017i

60015'

74035'

88014!

10302oi

121e34!

i
l
a5036i

23037!

32032'

47040'

66048t

85046i

10200o,

¢3

 8027i

2102ot

30016/

40015!

62031!

8404gX

105007i

   I
¢,, [

¢i3l szst3

16013r

21040/

27e43'

26055i

21026'

17e34/

19e43'

23e22t

23057'

29059'

3402oX

25e43r

18031i

16027!

7oegt

2017i

2e16i

7025'

4017i

o057'

k
O.815

O.914

1.037

1.039

O.917

O.820

A
O.381

O,232

O.126

O.170

O.203

O.304

.l Ti

- O.O16

 O.022

- O.O06

- O.068

- O.O02

- O.111

   One asumes that the ground fault is vanished after the further
elap,se of O.4 second, and the other Iine is reclosed to come back again

to the initial state. The power matrix for this case is given by
matrix (47). The power angle changes are.as shown in Table 3 and
Fig. 30.
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TABLE 3 Calculation of power angles, when the

           system is recovered.

t

O.6

O.7

O.8

O.9

1.0

1.1

1.2

1.3

1.4

¢i

88014'

10102ox

117e

136o

ls4o

16go

184o

203o

222o

¢2

66050'

90030'

loso

117o

133o

ls4o

174"

18so

2ooo

¢3 ¢12

62031!

88020!

lo4o

112g

12so

ls2o

173o

181o

19so

21026t

10e48i

8053'

1903oi

21o

14040!

1002oi

15014i

22o

¢13

25043'

13o

12041i

23e4si

2803oX

17o

IZ035'

21e4ot

2604oi

¢DA

4e17i

2012t

3g4oi

4016i

7e36i

2022i

1015!

6023'

4030t

Pi ,I]li

1.15

O.843

O.795

1.10

1.15

O.957

O.823

o.g93

O,115

O.369

O.429

O.101

O.153

O.271

O.374

O.286

R3

- O.037

 O.054

 O044
- O,025

- O.074

 O.028

 o.e6g

- O.027

    As is shown on the above power angle curves, the three maehines
are similarly speed down at the ground fault, The relative powers
between maehines are comparatively small, because they has resistance

loads. The system does not loss synchronism. This caleulation may
be obtained more easiiy and rigorously by an analogue computer.

'

,


