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Tripping Characteristics of Protective Relays on -
Transmission Network,

Expressed by Circle Diagram Method. (III)
(The End)
(With APPENDIX; a Stability Calculation

By

Koji OGUSHI and Goro MIURA
(Received June 30, 1957)

$3. Reactance, Susceptance and Power Factor Circles
to Express the Tripping Area of Reactance
Relay and Mho Relay,

Fig. 16 (a) shows tripping area of impedance relay, reactance line
of 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 circuit fault, 4 on the R+jX impedance plane. Their
inverted figures on the g+jb admittance plane are shown in Fig.
16 (b).
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{a)
Fig. 16. Tripping characteristic of impedance relays.

(a) on impedance plane.
(b) on admittance plane.
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It is assumed that the relay setting point is at the same point as
the actual power receiving end, through a transmission line 4 B C D,
and that there is a single power generator at the sending end.

R ABco o
2

i

Qb

Fig. 17. Tripping characteristics of distance relay on
power cirecle diagram co-ordinate plane.

The sending power circle diagram co-ordinate plane, P,+jQ, may
be also used as its admittance co-ordinate plane, because the sending
voltage E); is constant in the relation,

gi—3jb = (P1+jQ1)‘:_ I8

The tripping characteristics of distance relay in Fig. 16 (b) are
transfigured on the sending power co-ordinate plane as shown in Fig.
17.. As explained in Appendix, Part II, the co-ordinate axes ¢ and b
are transfigured to the fundamental circles B, and R, while changing

co point to %E? and O point to —Z-’E? point on the sending power

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

The susceptance circles are always through the €, point, having
their centers on C,C, line. The power factor constant circles are those
passing through O, €, points. €, and C, are the centers of the funda-
mental circles, It, 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

Efz , on the same graph.

has its center at %Eﬁ, with its radius as

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

of %Eifffor them may be taken.

Example 3.

A transmission line 30 MV A, 10KV has line constants 4d=1D=1,
C=0, 1/B=5—320p.u. 10 MV A base and E.=FE,—1p.u..

Draw the power circle diagram and the tripping areas of im-
pedance, mho, ohm unit of distance relay at the same receiving end.

Solution :

Center and radius of power circle diagram :

C = %Ef:@»y‘ 20)x 1 =5—4 20 p.u. (=50 MW 200 Mvar)

1 .
p— ——E Ea —= - 2 = 20. . .
By |67 20] 3 p.u
Power factor 0 circle:
1 _ 1
B, +B 1 +
54720 5—720
C,= 425+70 p.u

R, = — 425 p.u.

Power factor 1 circle:

1
B, B

C,=0—-7106 p.u.

R, = =106 p.u.

The intersecting points of R,, R, circles are C,=5—320 and C;=0
points.

c,= ¢
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Admittance circles to show the tripping area of impedance element
have their centers on C,C, line. And the admittance,

Y= Lo GX A
|Z | CX | B

where X is the intersecting point of C,C, line and admittance circle,
Therefore, the bisecting line has

| Y] =1x

%—l = /52420 =203 p.u

1/3 of C,C, point circle
| ¥| =3x/5°+20° = 60.9 p.u.

¢ 5 (0 5 20 P
10 MVA Bese

c
425

3
] =20.

=31 g
* Y=609 A
/@
% =8
b
A6
ca
/D/ 5j20
Powor factor
=30° 2¢°
- . Suasceptance circle
Reaetance circle ] b =585ru
X=0 0314 e.u

Fig. 18. Example of tripping areas of impedance,
Mho and Ohm unit of a distance aelay.
Ce: Center of power circle diagram. M: Mho unit.
Y : Impedance (Admittance) unit. X : Reactance unit.
D : Directional unit. /111l area: Probable fault locus.
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Reactance circle to show the tripping area of ohm unit:

X:E¥<1 1>.

4 \ 2R, N 2r,
For example r,=38/2 R, circle,
X — 1x < 1 _ 1 )
2x106 o %10.6

= 1/31.8 = 0.0314 p.u.

Susceptance circle for mho unit:

7= (om )

For example r,=1/2 K,
M = (20.3)*x3/(2x10.6) =585 p.u.

Power factor circles for the directional element or the probable
fault locus may be obtained from the circles through €, and C; point,
measuring their power factor angle at the above points, as €, circle
has zero angle. The results are shown in Fig. 18.

§4. Frequency Swing Locus and Relay Tripping area.

The frequency swing of a sound transmission system with parallel
running generators is a troublesome problem in respect 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 condition.

Swing locus for a transmission line with synchronous machines at
its two ends is expressed on the sending power co-ordinate plane,
P, +7Q,, as shown in Fig. 19,

It is the usual power circle diagram itself.

At firgt, one may consider the matter of 3-phase short circuit fault.
assuming that the relay is set at the middle point, m of the line and
also at the same point short circuit takes place.

Then, the short circuit point on the P;+jQ, plane is at the point

—2]—];; 7, or on the power circle, as it is the middle point. The short

circuit current is obtained from the vector OS. Various relay charac-
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teristics are shown in Fig. 19.
The short circuit points are in
general at further points from
the center C, if the faults take
place on the line between the
two ends.
Nextly, one may consider fre-
b1 60° ! quency swinging. When small
Egiz frequency difference between
' the parallel running machines
exists, the power angle ¢,
traverses 0° to 360°. At about
. o 180° angle, the operating point
276 \ 120 . .
\ T on the power circle diagram may
L NG agree with the above short cir-
PN R \_\_897,,,_ 50" cuit fault point, S, flowing large
7 current.
o

OB

3000 q0°

[}
=
[~
o
P
d
%)

Furthermore, the voltage of

the middle point of the trans-
& ’ mission line in the case of fre-

] quency swinging is zero, because

Fig. 19. f;:quisi;ypfnv;ng locus and the new power circle diagram,
S: Center Ofypower cirele diagsam, considering the receiving end at
congidered the middle point, m the middle point of the line, has

as a receiving end. . 20 ., .
R: Resistance circles to limit the its center at S, B B and its

tripping area during frequency

swing. radius I—Iz-;TE}E2 is obviously zero.

The same result as a shirt circuit fault occurs on a line. However,
this frequency swing recovers at ordinary operation without occur-
rence of out-of-step. There is no need to open the circuit breaker.

To prevent the misoperation of impedance relay due to frequency
swing, out-of-step blocking is used nearly always in conjunction with
high speed relays.

This blocking is accomplished due to the fact that the short circuit
fault occurs suddenly, while the frequency swing traverses on the
power circle locus more gradually.

The impedance relay has a blocking secondary zone having larger
impedance round the first tripping zone, as shown in Fig. 19. At fre-
quency swing the relay at once enters in the blocking zone to stop
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the relay tripping. However, when short circuit fault occurs, by abrupt
change of the impedance the relay goes to the tripping area without
time to block,

The resistance circle with its centers on C,C, line, passing always
through C; point, may be available to limit the tripping area of |Z%]|
cirele, as shown above in cirele 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
points.

Frequency swing locus on the admittance plane of the relay setting
point :

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

L
vy =g = TR (1)
n =L ,  ¢: power angle,
K,
or, transforming the above equation.
- AI _yp
ned 1w — B 1/%’ (14)
- _Di +y Bz
B D

By the method of conformal transformation of the complex function
of the first order, frequency swing loci may hbe obtained for ¢, or
_ K

% The relay tripping characteristics are shown in the preceding

sectioirx 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 4=D=1, C=0, B=1/5-—7520) p.u. 10 MVA base, ;=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 of the line.

Solution :
At the middle point, = = 1 —10—540, A= D= A,—D,=1,
B, B

2

From Equations (17)(11),

A,
— =1 —1
B g B " B —10+j40—y,
E, _D. ., B, —10+j40+y,
B,
A+ D, % eIt 141 %e”w
Y, = = =(10—j40)— 2
_B]_*"-BQ -—LSM’” —1-!—1&83'7512

The curves for the frequency swing, taking ¢. as a variable and
By s a variable,

2

for the voltage variation, taking the voltage ratio,

are shown in Fig. 20,
At the points #,=10—740 or = —10+740, the voltage K, or F,

N
S\

PR |

TR ST
s

o
w )

x »

PRl

Fig. 2. Tripping area of the impedance reiay on the
-admittance plane at the relay setting point.
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respectively become zero.

The tripping area of an impedance relay with |¥|=50 p.u. is out-
side of its cirele as shown in Fig. 20,

The normal operating zone is shown by the dotted area, which 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 E|,
and £, are about 120°—~240°.

The voltage and power at the middle point of the line is obtained
from the fundamental circles,

1
C,= BaB 85 p.u.

¢,= 1 —_jo65 pou

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 receiving power from terminal 1 at the middle point is of
course 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 securing this expression is as follows,

The watt powers at the middle point are obtained from the circles,
‘passing through ¢,=+41043740 and having their centers at Cfa_p line.
. (2) The middle point voltage FE, is obtained from the distance between
the point, €, and a certain point, X on the co-ordinate plane, by using

the relation £, = __M_E_L .
|-By| x C,X

Therefore, at the remote point from €, 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 loci, which are introduced from the funda-
mental circles in Chapter 2 may be available.
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APPENDIX

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

§ 1. Outline 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

E?El , and its center is
jx

two-synchronous machines, has the radius of

)

located at Ei . The power limit is at the point, ¢=90° as shown in
Jx

the above figures of the cirele and the sine curves.

1 2
C=i:::E'

P=P=" Q=Q--2

Fig. 1. Power circle diagram for no loss line, indicating
sending and receiving powers.

If the series reactance suddenly increased to j2¢ by disconnecting
one line of the double circuits, the radius and the position of center
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Fig. 2. Equal area method for the stability criterion.

E.E, & K3

j2x 12x
The equal area method may be applied to sine curves as shown

in Fig. 2. That is the integration of the accelerating power P, or

[ - . . . .

j P,=0. And the condition, 4,=4, is graphically obtained.

1

are changed into , respectively, as shown in Fig. 2.

When shunt inductance loads, that is —jy, are connected at the

1 2

o
180

Fig. 3. Circle diagram and inductance loads.
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two ends of the line, the circle diagram moves as much as —jy on the
vertical axis as shown in Fig. 3. For simplicity, F,—=F,=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 sequence circuit can 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
sequence line can be obtained by inserting a series reactance as shown
in Fig. 4 (¢). In these cases, stability limit may be determined by the
method explained in Figs. 2 and 3,

(a)

(e)
Fig. 4. Equivalent positive sequence cireuits,
(a), (b): Phase grounding or a phase short circuit,
{e}: Disconnecting fault.

180

{b) ©;

Fig. 5. Circle diagram and resistance load.
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For shunt resistance loads, the center of the circle moves in the

horizontal direction as much as % in distance. These sine curves and

the circle locus for power 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 reactance,
1 Therefore, the
R+jX
relations between the power and power angle are shown by the sine
curves or the circle in Fig. 5 (b) (¢). The sum, P,+ P, is the total trans-
mission loss.

the circle diagram may have its center at

D

R+jX
E, =1 E,=1
(a)

(b (c)

Fig. 6. Cirele diagram with a series resistance.

The T-circuit with an intermediate load may be transformed into
an equivalent m-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 (¢) and (d), which are easily obtained by the same way as
the previous examples.

Lastly, in the case of salient pole machines, power circle 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 ¢=90°. These kinds of cases will be explained in the fol-
lowing sections.
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1 2
@ 0000000 @
Eo : El

Fig. 7. Salient Phle machine.

180° (d)

()
Fig. 8. (a)

Fig. 8. Examples of current vector loci for
Salient Pole machine.
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Steady State Trensient 3tate

* 90" 10" 150’
—¢

2. Mot,

Fig. 8. (b)

§ 2. Introduction to Salient Pole Machines
with Network.

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

a considerable labor.
The characteristics of the salient pole machine are expressed by

the following formulas.
Excitation voltages are,

E,= B +ux, sinb0+;jX,[I, cos 0
o %(xd—i—xq) I——j—;— (@e—2,) T,
............... for steady state.
By = By +j— i) L—j - (6i—w) L (1)
--------------- for transient state.

E, = B+, L, e for approximate calculation.

In the above relations,

Fy: excitation voltage
E;: excitation voltage at transient state
F,: terminal voltage

I, & I,,: current and its conjugate value

z, & x,: direct and quadrature axis reactance
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x,: transient reactance at transient state
FE,,: voltage behind the transient reactance
E,: voltage stands for Potier reactance
x,: Potier reactance.

Fig., 9. Vector diagram for salient pole machine.

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

m%m+m

1; - 1 2 1 2 El"jLEoe-”.g)
{E’(x(l +xq>} - ;l_z“(xd'—xq)} Ta
i @)
E T Bt (3)
{?(x{l_'—xq)} - {”é‘(xd—xq)}
when E, is taken as the standard vector. ¢ is the power angle between
Eo and E] .
The watt and wattless power at the machine terminal is
P1+jQ1 = ElkL (43')

in which Z; is the value of equation (3). In order to obtain a similar
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diagram as the power circle diagram, one obtains the following equation
after changing the sign of current Z,,

— )
P+ 4Q, = FEI ]2 (1 12 |E, |2 e?? +jxiE1E’oga‘¢
{'2—<xd+xl]>J - l?(m!l—xq,)I
jixtl——wq> (4)
WA s el
{—2’ (x(l + xq)J - l?(xtl—xq)J

This locus, as well as the current expressed by Eq. (8), is a so
called Snake curve as shown in Fig. 8.

For the calculation of stability at the transient state, one may

take transient reactances x;, =, and transient excitation voltage K, in
Eq. (4).

The voltage back to the quadrature axis reactance is
B, = E+ju, I, = Ey—i, (x,—%,)
i = I, 8in @ 4 (5)
The terminal voltage is
E, = E,—jx 1,
= By — i, (%,—2x,)— %, 1 (6)
Example 1.

Draw the output power locus of the salient polemachine at steady

state and transient state, when its terminal and excitation voltages
are constant. The data given are as follows:

E, = p. . z, = 1.0

E, =15 p.u z; = 0.3

E,=12 p.u x, = 2, = 0.6
Solution :

At steady state, taking E, as the reference vector, one has
P +7Q, = —31.254+71.5 e +50.25e%¢
At transient state,

P +3jQ = —j25+73.95 e’ —50.835 g% |
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* ., BE,E = 89677
cel=-joRased Y

Fig. 10. Power loci for salient pole.

In the above example, the effect of magnetic saturation is neg-
lected. The magnetic saturation effect is shown in Fig. 9. In the
case of constant excitation field current, £, changes due to the direct
axis component %;,. The exact solution is very complicated.

1 2

‘ 00 ww—-E
: SIS

Ey F:I Eg

Fig. 11. Salient pole mechine with
a series impedance.
A salient pole machine is connected to an infinite bus through a
series impedance Z=r+jx, as is shown in Fig. 11. Equation (8) takes
the following form, as will easily be proved:

T““jx_ji(x(z+xq)
I =— - 1 2 2 1 2 L,
R P 72‘ (. + xq)} — {»—(:vd—xq)}.

L 2
f g
7+ lfva?(ac,ﬁrxq)I iy (xd~wq)}
j‘%(xd“xq) .
- ~ Hle? (7)

oy fgr L V(L )
r +lx+ 2 <x¢l+xq)J lz (xd xq);
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Terminal voltage F, at the salient machine is
B =H+r+ix) L (8)
Power of the machine is
P+jQ = By L, = By Li+rL L, —jal I,
Power at oo bus is
Po+3Q, = By, I,
P, +3Q, = Po+r| L +5(Q+x | L% : (9)

Nextly, a salient pole machine is connected to an o bus through
a general transmission line as is shown in Fig, 12.

Fig. 12. A salient pole machine with
a general transmission line.
The general matrix KEquation (3) gives
I1 - Y;lEj—ymEz
consequently,

E, = 1;+2:/19Ez (10)
¥,

Putting short circuit admittances as *17 =R 44X and z; =D, one

=11 1

obtains

- %E#(R%uj){) T (11)
When this equation is compared with Equation (8), the current and
power may be obtained in the same way as was employed to derive
Equations (7), (8) and (9).

Two salient pole machines are connected through a line impedance
r+7jz, as is shown in Fig, 13.

B, =FE +.7-%‘ (et qu) I*j—;—(xm _xm) I,

E, = Evt+(r+jo) T
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Fig. 13. Two salient pole machine problem.
1 .1
Ey = Ez_‘J—z‘ @t Tp) L+ ?@dz"‘qu) 1)
Therefore,
Ey=FEy+(r +.7x) I+.7";‘(mdl + qu)I
.1 .1 .1 -
+J ?(xdz + %) If.? 7(37111 - qu) I—j ?(xdz — xq‘l) I

or neglecting small value of r, and putting

Xy = T+ T+ ]

: 12
Xq — Wq1 + Ly +x J ( )
one obtaing
By = Byt (Kot X) T~ (K= X) . (13)

This equation is the same type as Equation (1) explained above.
Therefore, two salient pole machines may be treated as an equivalent
single machine. ‘

§3. Transmission Network System Containing Salient
Pole Machines, and their Power Distribution.

The current matrix for multi-terminal network, expressed by Equa-
tion (8), takes the following form when the terminal voltages of the
salient pole machines are taken, and when all static load terminals are
eliminated by the method of short circuit matrix.
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L I‘fIIE1 ’ _'ylez y ‘“ymEs """""

L _ymE“ Irng‘zy _yﬁE{

1; - _yz3]ﬂz ’ ’fﬂE groTroet (14)
I, L ¥,

The terminal voltages of the salient pole machines are given by
Kquation (1):

EI = Eol“j_;“(xdl + qu>I1 +j%(xm"'xq1)1:

. . 15)
E,= ED.’_—J%‘(x(ZZ—*_xqﬂ‘)L_FJ%(xdi‘_—xq‘_’)L {15)

Introducing the above equation in Matrix (14), one can obtain all
the currents between any two machines, from which the network
systemn currents are composed. Their solution are explained in the
preceding section. However, the solution requires an enormous labor.
In the following section, the case of two machines and three machines
will be explained.

§4. General Process of Transient Stability Calculation,
by using the Symmetrical Component
Admittance Matrix.

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

By using the symmetrical component admittance 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 reactance x, and the voltage behind the
transient reactance £, of each machine must be taken. The transient
power is K, times positive sequence current.

The initial conditions of the system are obtained by the power
matrix Equation (8), in which the machine reactances are not included,
by using the machine terminal voltages. Therefore, the air gap voltage
F,, and the power angles, including the machine transient reactance,
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 resistances of the network are neg-
lected, 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—FE", E®, E°, I, I*, I°.

The machine constants—zx,, =, Z2° and Z*—are not included in the
above matrix. These constants satisfy the following relations:

' = R} ‘“j_é*(xd +xq)II +'j%(xfl_xQ>Ié

B — (B = 0)—2I* (16)
B = (B = 0)—2'T"

By using the latter two relations in this equation, one can eliminate
the negative and zero sequence component. In practice, zero com-
ponents at machine terminals are usually zero, because the high tension
gide of the transformer neutral is grounded.

When only the positive sequence components are taken into con-
sideration, the power of the salient pole machines 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
currents by using steady state direct 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 effect of the saliency of the machine on the system stability
is not small. Moreover, there are more complicated effect of the
magnetic saturation, which is non-linear.

To understand the above explanation, a simple case of stability
problem may be shown in the following section.
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§ 5. 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.

1 . 2 i 3?
@ Ag Y5 Y / s 'J%A E
Yh YE ﬁ, Yoo Yae Y3 71:( Yo vE

(a)

bl 4 2 Y3 3 1 Yo Ysr /A 3

Y= Y
0 2

Y Ye
B A= yhrYal,
(e}

—
Fig. 14. A phase ground fault.

At terminal 1, a cylindrical pole generator is connected to an in-
finite bus 8. 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;

=0+ I+ I} 0 ¥y, Y,0 -y. -¥.0 0 0 0

=0+ L+ alil |0 Y} aX% 00’y ayh 0 0 O B

=0 +a L)+’ L3 0aY!, 0’Y% 0 oy, 950 0 0 0
3y + I+ I3 b=

I @l tql? 0 -¥i, —ygz lrgz lff_,z ]-rgz 0 vl v -:E'(’_,—Eé

Iy +aliva’l;
nN=I-=1

(L=0)+ Ii+ I:' [0 0 0 0 - -0 ¥ ¥ 0

0 +a*f+al? 0 0 0 0 —a*ys; -0z, 0 0*Y a5 E;

0 +ali+a'l; 0 0 0 0 -ovu-cvy0 aYLa'Y: 0

= 0-0'yl, —ay, YL oYL a¥s 00"yl -0y, E;
0-~a Y ;2 _a‘zyiz 1732 allréz o 1732 0 "a?/;a _a2y33 K ;

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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there is no zero sequence driving admittances between the terminals
1 and 2, 2 and 3. Only the short circuit 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

I} Y, —v 0 B;
L= -y Y, —v || E:
T 0 —wv» Yi)\E;

From the relations I{=Ii=1} and — YLE,—YLE;= YLE;= —y. K|
+ Y, Hi—yl. B0, one has

B Yo 18
1 1 1 nal
Ej — ’!/uEH-?/;; U (19)
Vot g
— ¥ Y2 &)
I = 22— :_ form (18
I Ml ory - rm  (18)
T Y, —y, 0 \/E
1 |
“ZEW -yl YL -k || B 20)
1 0o —u Yy \mE

Equation (20) expresses that a phase grounding is equivalent to
the load of Z§,+Z% at the ground point 2.

(1, Y, B —yL B, 0
0 |=|—vhBl, Vit " B —yuBi (21)
I, 0, - YL, B} |
in whiech, ye:ﬁ and YLty =¢L+ys+y.—4. When Matrix (21)
1 00

is multiplied by —Q‘% 0 % , one obtains

0.0 1
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, 12 1,
[/1‘] (flrir- (’!/12) \E} , Yt 1o B!

L 4 y o
| | Mk fy O g
) 4 l |

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

. \
( P + le\ ( Y1 + Yl B Y123 E.E,,

’

2’12‘*'3/23‘+'3’e ‘j

= (23)
. — Y10 Y oY Yl 3
P,+5Q, Yi2Yoy E\E,, |, Y+ Yl E:
4 4 /
1 2 -% iQ
2 3
@ 3 PE | P
, —":’ "‘075\\{‘0. L5
Ve 1 N
’ i 1,’ \
Ground Fault — Y)II =Y = j3.03 Ve =-37.38 / SE? 1I.7 g2 Ry= 1-7\8{5‘:_ il. 78E3E,
SRl A C SR eV B S S '
“Yh=Up=i4E Y= -diS6 R |
Y- 45= 367 : o BN
] ' ' : (NG ety m~ oy
Normal State Y= Y= Y= "ILT8 pu. \,’ L'?EEQ . ‘\’2
/ ) R=1,78E; — {1.78E, E,
Fig. 15. ! < '\
] 1
1 2 1
\  2.95E =0.975E%1 2,35, E
Example 2. \ ! 3,/‘ et
. . . \ ’
Obtain the power circle diagrams AN R,=0.975Ef - 2 0sE.E,

for a ground fault in the transmission
line shown, in Fig. 15,

Ground fault:
full line.
Normal state:

Solution : dotted line.

At the normal condition, , Fig. 16.
P,+3Q, J178E.\F,, — j178 K"

which is shown in IFig. 16 in dotted lines.
At a ground fault, one obtains the following power matrix from
Equation (23):

P,+3Qs —7097TE\Ey, — 7295 K3

This is shown in Fig. 16 in full line circles.
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For the salient pole machine, one employs the machine terminal
voltages Ei, E? and E} in the above matrix Equation (17), excluding
the machine reactances. E? may be taken as zero, since the trans-
former neutral is grounded.

Ii+ I3 0 Y, Y, 0 - -¥.0 0 0 0
oL+ ol 0 &Y}, a3} 0-ayl, -y 0 0 0 i
ol + o 13 0 oXi &Y% 0 —agsfy—a’y% 0 0 O 2
0 .
neri+ L0 b oo Y3 YL Y b wn |
0 = 0-a'yL, ~ayh, YooY, aYh -a’yh —aih E;
0 0 ~ayl.—a’yl, Y5 oY, Y3 —ayl-a’ys E;
Ii+ I 0 0 0 0 -y -¥,0 Y3 Y3 0
I+ al} 0 0 0 0 —a*yl —av% 0 YL, aYy, E}
all+a@l: \0 0 0 0 -oyh-a’ys 0 a¥iLa'XYy, 0

Since Ig: I,_! = Ié ,
— YLE, = YoEl = — B0+ Yo 1 = — i, 10+ Y LB — 45, 1)

—E?

However, Ii=Y}E}—5E;= R and Z* is the machine negative im-

pedance,
Ejz — Yo : Egz
Yo+ —
bt
s = YLE - Y=y, JT B+ Yo Ri— Y LE:
Y34+ -
Z_
Bi=—Y: @ Y- -y Y awi=Ll @
Yo+ X5 ¥ 1 B
11 + —
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YoY3 o

1
Therefore, I—W

Similar relation obtained in Equation (20) is

I . Yi —v. O i
_ESA —_ 1 v w Inl d
LT ) (VY ¢ " (26)
o vh YL —yh | | B J
zI; 0 —wi Yy \Ej
Example 3.

Obtain the positive phase current of the salient pole machine at
a ground fault. The line constants are given in Fig. 18.

o) 1 P 3
E=12 E =1
?(g-‘=l 5.0.6 E: E:"O
Xa=;03 E=0 L Eg=0

X'=5045 — Y=Y 5125, Ya=185, “Yi=Yi- ;4.0
Y, =525, Y5190, -YamY3=36.5
=0 Yo" 5156, “Yi=0
Fig. 18. (a) A salient pole machine at a ground fault.
Solution :
By Equation (25), one has

17—?;; - —’yf_, Jj%___ + 17'32
Y%Hri
VA
=25 j19.0=—j1085
—7125—356.66

e 1
7" = - =70.092
e — 7009

Z'+ 7% = 70.064+70.092 = 50.156

1-_—~
Nz

By Equation (26),

Y, =

= —j6.4
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I ~i125,  j125, 0 (E!
j6A R | = jl125, —j516.5, j4 1| E;

Elimination of E} gives,

(‘I; ~ ( —j5.69,  j2.19 [ E )
I 7219, —78.31 s
The terminal voltage E, and the current I, of the salient pole machine

given by Equation (11) is

L g (RviX)I = Yo Eﬁ——i;v 1
11 11

= 0.385 E,+50.176 I, .

Therefore, the air-gap voltage of the machine is
B, = 0.385 F,+0.176 I, +j—§—(x,’l+xq)lj —j—;—(x,}—xq) I,

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

—jx—j%(xd +x,)

_I{ - fm+'1*(md+x)}2~ I—z“'(wd_x)l2 "
"2 “fol2 “f
v e j;v R
Eaers (. +2,) | (90,: “>j
J'l—(xd_xq) s
- — K,e?
{w+ (xd+xq) | { é (wd—wq)}-

Substitution of
jr = 0176 =z, =03 , = 0.6
o = 1.2 E,=0.385 E, = 0.385
gives

I = —50.65+5258"%—j0.155 e
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The results this final form is shown in Fig. 18 (b).
The positive sequence power of the machine is
Py+3Qy = B 1]
= (0.385 F;,—70.176 I],) I3
= 0.385x I1—70.176 | I; |

353

Therefore, the locus is the same as Fig. 18 (b), except the position of
the curve moves down as much as —70.176 |I}|* and the scale for power

changes to the value multiplied by the factor 0.385.

L= (0.385 )

Fig. 18 (b).

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

I?+ 11I + If Ir?l lf;] 17‘111 —‘:l/?s -y}ﬁ —?/?2 0 0 0

L+ 14 al3 Y3 Yy a5 ~yh -a'yl. —ayh, 0 0 0

I+ alj+a’T; Y5 oY, * Y5 -4 —ay -a’yi, 0 0 0
(IS:O) + I ‘1> + IS) ”/!/(1)2 ‘?/}2 "‘/!/?1 I-rgz lréz Irgz ""!/g:s "!/-;3 _yga

(L=0)+a*Li+al} —Yh 0"y, ~ay, Y5, a' X oY, —yl -yl —ayss

(L=0)+ali+a*1?
L=1, ' I,=-1
N+ I+ I3
D+ a L+ al}
4 oI+ o207

—Ys —OY5s ~07YT,

0 0
0 0 0
0 0 0

YY) a¥,a'Ys, ~Yis Y2 ~OY %

1 71 7o
~Yo ¥ 33 X 43

~Yhs 0 Ysy —0sy Y 'Y oY,

e
~Yaz 5 Y4

200 BIPRR a
—Yo ~0Y ~0Ys Y aY,a’ Y
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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 sequence, one has

I Yy - 0 EY
I’j1 =| -y, Y, —w,| | E;
I 0 —uh %L@

For positive sequence and negative sequence, there exist the fol-
1

lowing relations: Ei=E%, Ii=1:=YLE\=Y%E; where —- =27 and Z°
is negative impedance.
Therefore,
I Yi, —v. O By
IfézE 2| = — Y 17;2 — 3 E;
I; 0 —vu Y \E;

By elimination of the faulted terminal 2, in the same way as ex-
plained in Section 5, one obtains the result as follows:

- : (W) 2 Yiz Y
Rﬂgj(ﬂrigﬁgmu—iﬁﬁgmm o
= 1 1 13\2
Y2 Yo E}E;k , (17:153_ (?1-23) |E1|-:

YL+ Y3, Y+ Yy o

\PS_‘_jQS
Thus, one can treat this problem as a two machine problem.

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

—
[\8]
[O¥]

The admittance matrix is
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D+ Iy I3 Yy Y, Yi -¢., -¥, —¥. O 0 0 0
I+ ali+ao 13 Y o, Y5 -yl —ayn-a’y 0 0 0 0

L= —(I3+I5)

I+ ol + ol Y ~CYl, —a¥h Yo’ XS, aXl —yh -0’y oy || Bl
L+ ali+a’ 13| | Y oy ~aYh Yo oY, o’ Y5 —4l —ayh -0y, | |Ei=E)
I+ Ii+ 13 0 0 0 -y —wu -y, Y, Y, Y3 0
2T+ al? 0 0 0 -yy-ays —ayh Y'Yl a¥y!| K
I+ o+ a1 0 0 0 - -ay,-al Y% a¥ia¥%L)l 0
............... (29)

Since I'=—(I2+I)=-(Ya+Y% EL,

1] YL v 0\ [
- (1732 + Irgz) E é = | ?/112 1@: - /!/;3 ‘ E; J
I"; / 0 _’!/;3 17%3 J Els

The two machine matrix for two phase ground is

; % ('yl‘.’)? 2 — Yo Y
el (Mo ) B v ev

Py+4Q, Wa

- v I 3
Yo+ Yo+ Y;)

o

—agl !
v r e P (Y-

§8. Transient Stability Matrix of Two Machine
System at a Disconnecting Fault,

1 2 3 4
Qs (¢
QO mence Qe |y
0 Qe

—{3v}-

Fig. 21.

Admittance matrix is as follows.

D+a’li+ ol Yo' Y oY~y -yl —ayi, 0 0 0 E;

Ig'*‘Ié +I§:O -Z/?‘z "?/}2 —:l/?c lrgz 17;2 Ir:::z '_.’/gz "?/-;3 “?/-33 E(z):Eé

355
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ny Iy 1
N+ oL+ al?
I+ ofi+ & 13
14 I+ I3=0
—(Ly+a Li+aly) =1,
- (I+all+aT2)=1T,,)

—(5+ i+ I5=0
L +oli+al;=1,
D+ali+va li=T,
o+ I+ B
Iy @I+ ol
L+ o+ 0?12

Koji OcusHI and Goro MIURA

Yo X, Xy -yh -y, 9,000 000
Y9 XY aXy —yh—a*yls -ayl, 0 0 0 0 0 0O
Yo oYLt X3 - —ofl—0*% 0 0 0 0 0 O
~th Y. YL X Y ¥, 000 000
Y- —ays YoarY L, a¥%, 00 0 0 0 0
-, —oy. oty YL aXYLarY:L 0 0 0 0 0 0
000 000 Yy Xy Y5 -4 ~ui ¥
000 00 0 Yol aY?2 ~—a sl —atfh
000 00 0 ¥aX,a'Ys -4 ayi —aus,
000 00 0 -4 —w ~vi Yo Y Y
000 00 0-¥-awi—ayy Y5,a’Y} aX3,
000 00 O-ph—ayiays Y§ oY} @’

From second and third row of this matrix, one obtains

Zero sequence ;

neg. sequence ;

post. sequence ;

— X
Yo, (B YO B — - —¥h
LES+V)+ YLEI=0 =
I %}
YL(B+ V)4 YLE =0 - Yz,

Y5+ Y5,

—YuB+ Y (B + V) + Y B~k = 0

(32)

B — YLV+ B +yLEl
4y — T

Y082+ Yl + YRE— Ll = 0

And also,
therefore,
O YLYy
Y5+ X,
lrtjsa Y

Yo+ Y

and

V =

o (bt Vi o

Yie Yy
lréz -+ lr:]’.s

Y. ¥!
_ 22 X33
17!32 + 1/*:133

72 2
Y3, X5

71 gl
_ A Yu¥i gn
17'2 + 172
22 5

1
Y+ X5,

=0
YL+ X,

4

Ya

K — '!/.]34 )—éz E;
7 7

Y5+ X5

Y3, Y5

VoY, YL Y5

Yo+ X,

+ +

Yo+ Yy YL+,
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71 1 1
Y, Y B+ Y E (33)

Ei+V= -
YL+Yl,  XL+XL | YL+ Y

Taking out only the positive component from the matrix (81), one

has
I YLE| —yi(E+ V) 0 0
x _ ( —yLll X (Ei+ V) 0 0 (34)
I 0 0 Yyl — ki
I; L 0 0 —yuly  YLE}

However, there are following relations in the symmetrical sequence;
L+LE+1=1,=0
Il=—-1, I=-IN I=-1I.

Therefore,
L=—-D0—-01=+15+I = YaE)\+ YLE;
When it is assumed that there are no shunt loads at terminals 1
and 4,
Yi=yh= Y,
Y =y = Y}

1 Yl —yL(E+V) 0 0

0 _ — YLK Y (B4 V) — I, 0 (342)
0 0 — I yulls —ynl]

I 0 0 -yl YLl

Also, the following relation holds;

—D=D=+DR+B=gh - P2 vy I=
Yot ¥ Yot Ui
1 1 1 1
= o .,)V:(~+ U)V
< Tt 234 Zy+ 23 VAR AN

_ry___V

.72, Z,
VARESY/ /A3
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I} y}ﬁ y - ?/1‘2 ’ O O !/ E;
0 | —uh, <y§2+~1~—>, -1 0 ||E+V
’ Ztl Z{l k )
0| 1 B (35)
0 =y Yut—, —Yn||
. Z(l d | El J
Id 0 O ’?/;; ’ ?/%4 L 4
1 2 3 4
ot U N T 0 T o
4, ZeZ& Ye
Za+Z5
Fig. 22.

Matrix equation (35) means that a disconnection fault is equivalent
to a series connectoon of a impedance Z; as is shown in Fig. 22
By eliminating Ej and V, one obtatns,

T {,y}n + WU+ 9Z) g { Y Yu w
o D Yt Yt Y, J Yo + Yis+ Y, J

I ) I_ ?/-12 ?/34 1E]| , {yh . (?i'a;) (1 +?/1~2 (Z) 1 E}J
l ’!/}g + ?/gu =+ @/}2?/:134211 ! ' :"/}z + !/éx + @/}2?/:‘5424 J

The power matrix is

P+ Q) {y (,MLL_@} B f_ﬂ_y}iy;ﬂ‘_“JE}Em

. Yio+ Y+ YWy y 1 Yo+ Y+ ¥u¥iZy |
. ly WL +¥yhZs)
P,+5Q [_;?]1 Ysi 1E ,IJ} +__L___ wla) 7
! y { Yio+ Yo+ YW, f i L " Yio + Vs + YYsZ, f |
............... (37)

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

1 5 2
51 4 I
Fig. 23. Multiple faults.

In the case of multiple faults, the power matrix, which is neces-
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sary for stability calculation, may easily be obtained by increasing
the number of terminal. For example, if a single phase and a ground
fault are occured, at the point 4 and 5 in Fig. 9, then the positive
phase matrix can be obtained from Equations (9.17) and 9.27;

Yy —¥ O 0 0 0 \/E

=0 — Y Y, —¥i 0 —w 0 ! E,
i
0 —ui Y, -y, O 0 | F
_ 34 141 r4 ) 4 (38)
=0 0 0 — Y Y [/ — 5[’65 - ylﬁz Ec

NMNSNNSNN

0 —vyx 0 -y, X, 0 || K
L 0 0 0 -y 0 Y, R
Substitution of the fault condition into I, and I; gives the required
results after eliminating E,, K, E; and E;.
§ 10. Stability of a Multi-machine System.
Formal solution of simulteneous differential equations for the multi-

machine system,

M, %P _ p
at?

P,
M, P
P ar

at

=P

a2

m, Ebu
dt’

are not feasible. Although the less accurate, the following step-by-
step method is known, when it is assumed that accerelating powers
P, are constant in a small interval 4, (page 59).

dg At
= 1% = n— +_"Pa n-—
a7

Ww,,

A Vi
¢n et ¢n—1 +At(un—1+ '_;_]%_ P(z(n-l)

The positive sequence powers P, may by calculated from the above
explained methods at any faults. One may calculate the stability of
a three-machine gystem, when a ground fault occurs. Its simplified
circuit in which the sequence component admittances are expressed by
100 MV A Dbase is as shown in Fig. 24,
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Fig. 24.Three-machine system.

1, 2, 8: Synchronous machine, air gap terminal.
45, 465: Duplicate line.
6 : The point of ground fault.
/ 1 l 2 3
I, |0 — j43 — j68
I, 0 —a%4.3 — aj6.6 Continued -------
I, 0 —aj4.3 —a’6.6
L, 0 — 786 — 74.0
I, 0 —a%3.6 —aj4.0
£, 0 —aj3.6 —a*74.0
L 0 — j1.0 — 415
I, 0 a%1.0 ajlb
I, 0 ajl0 oa%lb
0 0 74.3 76.6
0 a’j4.3 ©j6.6
0 ajd3 a’56.6
0 73.6 74.010 j1.0 ilb
0 d%86 a74.0/0 a%1.0 ajlb
0 @736 %400 ajl.0 a%lb

coMN oo o

6
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At initial state, the system operated with a load v,;=1.25 at the

terminal 5 of which voltage is keeping #;=1.

A ground fault is

occurred at the point 6. The zero sequence are ended at point 4 and
b grounding the transformer neutral. ,
The fully described current matrix at the grounding is a as

follows :

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

grounding.

! 4 ‘ 159 6
0 j4.8 7j6.6 0
0 a%43 aj6.6 YR
0 af43 a*6.6 0
0 i3.6 74.0 0
0 a%36 aj4.0 Ok
0 w736 a*94.0 0
0 710 jlb 0
0 ¢%1.0 ajlb !
0 ajl0 a%lb 0
0 7129 j15.2|0 i3.6 73.6 75.0 jb.0(f ©
0 a*%129 aj152|0 a¥36 aj36] 0 a%5.0 @35.0] 27}
0 aj129 1520 @436 o%36| 0 a75.0 a*b.0|| 203

' ar[0 126 125 ; ,

3'3.6 3'3.5 _j30e —j211 3.12.0 3'12.0 0
@36 aj3b|g @ 7 g 7 0 %120 7120 E}
0 aj736 a%35(0 a 7 @& 7 0 aj5120 «a412.0 E:
5.0 jb.0j0  j120  j12.0|—4b5 —517.0 -—j517.0)| E}
a75.0 @35.0/0 a¢*512.0 @j12.0{—jb5 a® ” a 7 I
0 a75.0 @450/ 0 @7120 a%120]|—565 a 7 & ¥ OH
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The positive sequence matrix:

I} —74.3 0 0 74.3 0 0 K]
Vi 0 —j3.6 0 0 73.6 0 I
I 0 0 —j1.0 0 71.0 0 B}
0 | | 43 0 0 —j129 736 §5.0| 2
0 0 736 710 436 1.25—3720.2 5120| 12!
I 0 0 0 45.0 7120 —j17.0/\ H!
............... (40)
The negative sequence matrix :
I —766 0 0 766 0 0 0
1 0 —j40 O 0 74.0 0 0
;| 0 0 —jlbs 0 715 0 0
0 | | 766 0 0 —j152 ;36 75.0!| E2
0 0 740 j15 335 1.25—j21.1 ;120 E;
I 0 0 0 §5.0 7120 —j17.0)\
............... (40 a)

The zero sequence :
(L5) = [—35.5 ) (40 b)

At first, one may eliminate the terminal 5, by the method of the
star-mesh transformation or the short circuit matrix transformation

1
),,=0.22-30.01
2
@ =0.24-30,01
<
1

16 =0.044+10,59
YZ =0.05+50.85

Yyl=0.04+f0.64

1 220,044 0,68
Yl=-Yi=-14.3 Y

Yi=-Yg=-16.6

1
Yy =0.18-50,01
yz,=0-21-j0.02

g s
Y;=0.06-30.003
%:o. 09-30.01

<

1
S Y,=0.74-30.003
S
2
Ye=0.70-10.08
Y= =15.5

Fig. 25. Transformed circuit 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 elimination is

merely parallel connection of %, and #,. The results are as shown
in Fig. 25 and the matrix.

The positive sequence matrix :

I —j4.3 0 0 0 74.3 B
I} 0 0.04—7296 0.01—70.18 0.13—7213 0.04—750.64 || &}
1= 0 0.01-50.180.008—750.95 0.04—70.59 0.01—50.18 | K|
I 0 013—7213 0.04—350.59 0.44—379.90 013—57.13 || F|
0 74.3 0,04—370.64 0.01—70.18 0.13--77.13 0.04—712.26)\ 7}
............... 41)
The negative sequence matrix:
I: —76.6 0 0 0 j6.6 0
I 0 0.04—3538.24 0.02+70.28 0.13+72.27 0.04+70.68]| 0
Ir;| = 0 0.02+70.28 0.01—751.39 0.06+70.85 0.01+70.25|| 0
I: 0 0.134-72.27 0.056+70.85 0.40-—-710.2 0.12+77.04 || &?
0 76.6  0.04+750.68 0.01+70.25 0.12+77.04 0.04—3514.6/)| I7?
............... (41 a)

The zero sequence :
(L3) = [—75.5) [H)

In the second place, one may eliminate the terminal 4 similarly.

1
Y,,=0.23+30.01

1
Yp=0.01+50.22 -
S YZ=0.25+j0.02

2
Y, =002 +;0.51

Y,=0.08-10,007 <

912’=o.lo-jo.oo4 <

004 +30.69
0,06+30.97
3

: 1
Y,;50.006-30.604

Y% =0,09-j0. 007

Fig. 26. Transformed circuit of Fig. 24, by
eliminating the terminals 4 and 5.
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The positive sequence matrix:

I 0.0056—72.79 0.01+70.22 0.004+50.06 0.05+72.50\ (&}

{0.01 +70.22 0.04—32.93 0.01 +70.19 0.16+72.50 || £}
I :LO.OOAL—H'O.OES 0.01+70.19 0.003—50.95 0.04+70.69 || |
I ,0.05 +7250 0.16+72.560 0.04 +50.69 0.61—55.76 )\ K}

The negative sequence matrix :

I3 0.01—353.61 0.02+50.31 0.01+70.11 0.06+53.19\/ 0
0.02+50.31 0.056—53.21 0.02+70.29 0.16+52.59 || 0
I 0.01+70.11 0.02+70.29 0.01—351.39 0.06+70.97 || 0
I 0.06 +73.19 0.16+72.69 0.064+70.97 0.53—;6.82 )| &}

The zero sequence :
(I =[—75.56) [L5})

From the above shown matrices and grounding conditions, i.e.
Ii=I:=1) and E!+ K|+ E;=0, the following relations are obtained.

(1) =(0.06+72.50 1} 0.16 +52.50 1} 0.04 +50.69 E} 0.61—35.76 E})
(I3 = (0.53—76.81) I;
(L3) = (—ib.5) (— Hi— 1)

Therefore, the unknown voltage F: at the faulted terminal, positive
sequence voltage, is as follows.

B} = —(0.009+50.11){(0.05 +52.50) T +(0.16 +52.50 I2
+(0.045—50.69) F;} (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,

I 0.09—72.09 0.13+70.92 0.04+50.26 \( E|
I, |=1013+50.92 0.19—52.33 0.06+70.38 || &,
I 0.04+50.26 0.06+50.38 0.01—750.89 )\ &;
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1_ s
Yj= 011430, 92

-
923_0.5:#30.33

1
Y, =0.04440.26

91 =0.26-30.9

It

y! =0.10-j0.26
33 *

The positive sequence circuit, when a phase,
at the point of 6, is grounding.

Fig. 27.

At the initial normal state with duplicate lines, the power matrix
is as follows, from the above shown matrix (40).
0 — 43 BB, 0 0

[

(P +350, —714.3E% 0
P, + 30O, ( —j36E; 0 0 BOEE, 0
P+3Q _| 0 0 —jL0mE; 0 JLOE,E, 0

0 | j43E, 0 —j129E: j36E, 75.0E,

0 L0 33 6E, j1.0E, j3.6M, (1.25—j20.2)K: j12.0F,

0 Lo 0 0 508,  j12.0E, —jl7.0E:
............... (45)

The unknown air-gap voltages I, ¥, and £, in the above matrix
are obtained by introducing the given conditions: P,=1"p.u., P,=0.25
p.u., P;=0, E;=1 p.u. (=187 KV), |H,|=1.02 p.u. (=191 KV), #,=0.862

p.u” aﬁd by elimination of the voltage, #, as shown in below.

1, =1.096 /19°58' p.u.

E, = 1.017 /3865’ p.u.

I, =0862 /0° p. U.

The matrix (45) may be simplified to the 3-machine system as is
gshown in Fig. 28 and Matrix (47).

(46)
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1
Y= 0.22+51.29

1
g23= 0.08410.48

1.
gia-o.oeqo.as

Y, =0.45-0.0T

=
= -
e 933 0.17-§0.09

Fig. 28. Normal condition with duplicate lines.

0.22—j1.29 ELE,, 00.6—70.36.E,F,,

P +50, 0.16—71.728;
0.08—70.48 2, 1,,

=0.22—71.29E &, 0.30—71.871

Pr,+50,
P,+30, 0.06—70.36 I, I, 0.08—70.480,E,, 0.02—50.932%%
............... (A7)
The watt powers are
P, = 0.20+ 1.46 sin (9°43' + ¢hy,) + 0.34 sin (9°43' + ¢y5)
L, = 0.31+1.46 8in (9°43"—¢y,) -+ 0.43 sin (9°45’ + ¢,;) (47 a)

P, = 0.02+0.34 sin (9°48"— ¢,.)—0.43 sin (9°45'— ¢.)

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).
P +50, 0.09—372.09.E3
P,+70,|=10.183+7092H K, 019—352.33.H;
P,+5Q, 0.04 +70.26 ¥, &, 0.05 +50.38 2, K, 0.02—30.89.1;

0.13+7092E,%,, 0.04+j026 L, E,,
0.05+ 70.38 B, 1,

The watt powers of the above matrix are
P, = 011+1.04 sin (8°11'+ ¢ o) + 0.25 sin (8°10/ + ¢,5)
P, = 0.20+1.04 sin (8°11" — ¢,,) + 0.34 sin (8°01/ + ¢sy)
P, = 0.0140.25 sin (8°10"— ¢y5) + 0.34 sin (8°01" — ¢,)

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

(44 b)
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the each three machines will be changed from the values of Fquation
(472a) to those of Equation (44b). So as to satisfy differential equations
of the 3-machine system as above shown,

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

TasLE 1

¢ %, ] . ‘ o b1 By Bas P ’ P l B

0.0 19°58 855" | 0°00” | 15°68" | 19°68” | 8°55" | 0.652 | 0.129 | —0.016
0.1 22°65’ 6°58” 1°20” | 15°57 | 21°85” | 5°38" | 0.658 | 0.189 | —0.032
0.2 31°49” | 15°86" | 827/ | 16°13" | 28°22" | 709" | 0.669 | 0.143 | — 0.048
0.3 46°837 | 29°37 | 24°20" | 16°66” | 22°138’ | 5°17/ | 0.677 | 0.128 | — 0.034
0.4 66°54” | 49°45" | 46°19” | 17°09” | 19°85’ 3°26” | 0671 | 0.1056 | —0.011
0.5 92697 | T7°117 | 70°147 | 15°48" | 22°45’ 6°567/ | 0.660 | 0.150 | — 0.045
0.6 |125°00” 1109°40” |102°10” | 15°20” | 22°50° | T7°807

For the step-by-step caleulation in this problem, one takes the
inertia constant of the machines.

ﬁI} = 3.22
M, — 2.98 (48)
M, = 1.24

It is assumed that the faulted line is cut off after 0.2 second from
the oceurrence of the fault 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 circuit and
power matrix in the single line system are as shown in Fig. 29 and
Matrix (49).

P+ 350, 0.11—71.40F%  0.20+71.03,E, 0.05+3j0.291.F,,
P,+5Q,| =1 0.20+51.03E.E,, 0.34—5L.69L%  0.09 +50.53 1,1,
P,+50Q,) |0.05+50.29E E,, 0.09+350.53E,2,, 0.03—;0.85L2

The watt powers are,
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P, = 0.13+1.16 sin (10°53 + ¢.) + 0.28 sin (10 51 + ¢5)
P, = 0.35+1.16 sin (10°53' — ¢,,)+ 0.47 sin (9°59’ + ¢us)
P, = 0.02+0.28 sin (10°51’ — ¢,) + 0.47 sin (9°59 — ghy)

1
= .03
3'2..0.20*{.11

1
=0, .
Bza 09+j0.53

f 20.05¢j0.28
9!3‘0 J

9:1 =0.36-10.08

A| .
=0.18-30.0
S Y=0.18-10.03

Fig. 29. Equivalent circuit to Fig. 24, when
a line 4,5,6 is cut off.

The power angle changes in this case are shown in Table 2 and
Fig. 80 by step-by-step calculation.

TaBLE 2 Calculation of power angles, when the grounded
line is cut off after 0.2 second.

tl s | s | 8 e | fa| da| B B 2

0.2 31°49” | 16°86" | 827/ | 16°18" | 28°22" | 7°09’ | 0.815 | 0.881 | —0.016
0.8 45°17” | 28°87/ | 21°207 | 21°407 | 23°67" | 2°17/ | 0.914 | 0.232 0.022
0.4 60°16" | 32°82" | 80°16” | 27°48’ | 29°69" | 2°16” | 1.087 | 0.126 | — 0.006
0.6 T4°857 | 47°407 | 40°15° | 26°B57 | 84°20” | 7°26" | 1.089 | 0.170 | — 0.068
0.6 88°147 | 66°48” | 62°817 | 21°26" | 25°48” | 4°177 | 0917 | 0208 | — 0.002
0.7 |108°20" | 85°46" | 84°49” | 17°84" | 18°81” | 0°57" | 0.820 | 0.304 | — 0.111
0.8 |121°84" |102°00” |105°07" | 19°48" | 16°27" ’

One asumes that the ground fault is vanished after the further
elapse of 0.4 second, and the other line 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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180
1704
1601
160}
140
130f
-120‘
110}
lo0r

80

1o

60

T

5o
PN

3o

1o+

[ 1 T4_T~—T—~T~—T—#T‘—T—AT——ﬁ—#T‘—*'
050102 0.8 0.4 0.6 0.6 0.Y 0.80.9 1.01.11.2 1.2 1.4
econ’
Fig. 30. Time—power angle curve of 8-machine
system at ground fault, clearing fault,
and reclosing.
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TasrLe 3 Calculation of power angles, when the
system is recovered.

¢ ‘ #; 1 By { B 1 B1a ’ Brs [ B By l P l Ps
0.6 88°147 | 66°507 | 62°817| 21°26" | 25°43’ £17 115 0.115 | — 0.087
0.7 101°20” | 90°30"| 88°20"| 10°48" | 18° 2°12° | 0.848 | 0.869 0.054
0.8 117° 108° 104° 868" | 12741/ 840 | 0.795 0.429 0.044
0.9 136° 117° li2° 19°80” | 28°45" | 4°16" | 110 0.101 | —0.026
1.0 164° 188° 125° 21° 23807 7°86” 1.15 0.158 | — 0.074
1.1 169° 154° 152° 140407 | 17° 2722/ | 0957 | 0271 0.028
1.2 184° 174° IVES 10°207 | 11°357 1°15” | 0828 | 0.374 0.069
13 208° 188° 181° 15°147 | 21°40" | 6°28° | 0.998 | 0.286 | — 0.027
14 222° 200° 195° 22° 26°40” 4°307

As is shown on the above power angle curves, the three machines
are similarly speed down at the ground fault.
between machines are comparatively small, because they has resistance
The system does not loss synchronism. This calculation may

loads.

The relative powers

be obtained more easily and rigorously by an analogue computer.



