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PiEFACE

It is the purpose of this thesis to present in an orgenized mainer
the conditions, data, and computetions for an analytical solution of the
voltages and currents in a power system involving & simultaneous fault.
The problem will be solved by using the method of syrmetrical components.

This paper can be used as a guide for solving fault problems of a
similar nature. The problem is worhed for a line-to-line fault at one
point in the system with the other line grounded at another point in the
systenm.

The author wishes to express his siacere thanas to Dr. J. A« Strel-
«off for suggesting the topic of this thesis and for his assistunce in its

preparation.



The analysis of a three-phase circuit in which phase voltages and
currents are balanced, and in which all circuit elements in each phase
are balanced and symmetrical, is relatively simple since the treatment
of a single~phase leads directly to the three-phase solution. The
analysis by Kirchoff's laws is much more difficult, however, when the
circuit is not symmetrical, as the result of unbalanced loads or faults
that are not symmetrical in the three phases. Symmetrical canponents
is the method now generally adopted for calculating such circuits,

This method of enalysis makes possible the prediction, readily and
accurately, of the behavior of a power system during unbalanced short-
circuit or unbalanced load conditions., 7The engineer's knowledge of
such phenomena has been greatly increased and rapidly developed since
its introduction. Modern ideas of protective relaying and fault pro-
tection grew from an understanding of the symmetrical component methods.

The extensive use of the networx calculator for the determination of
short=circuit currents and voltages has been furthered by the development
of symmetrical components, since each sequence network may be set up
independently as a single-phase system. It 18 in this connection that
the calculator has become indispensable in the analysis of power system
performance and design.

Not only has the method of symmetrical components been a valuable
tool in system analysis, but also, by providing new and simpler concepts,
the understanding of power system behavior has been clarified. The
method is respohsible for an entirely different procedure in the approach

to predicting and analyzing power-system performance.
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The material to be presented here involves the solution, by the
method of gymmetrical components, of a problem involving & simultaneous
fault conditions The solution of such problems by network analyzers has
been by now fully developed. Occasionally it is desired to solve such a
problem by analytical methods only. The object of this thesis is to
develop an analytical procedure for solving problems involving subsequent
or simultaneous faults.

The term feult will be defined as any condition occurring which is
a departure from normal operation. A short circuit or an open circuit
are two of the more common conditions which constitute a fault. A
simultaneous fault may consist of two or more short circuits on the same
or different circuits, open conductors, or any combination of short
-circuits and Opén conductors.

Occasionally two or more fuults will occur simultaneously at points
which are widely separated in & three=phase power system. 4 combination
of an unsymmetrical short circuit with an open circuit may occur, for
example, when the short circuit is partially cleared by the opening of a
fuse or a single pole circuit breaker. This condition may be described
a8 & subsequent fault, one condition being the result of the other.

These faults, although not occurring too frequently, are important
from the standpoint of protection. kelay systems which give satisfactory
operation for a fault at a single location may fail to isolate simul-
taneous faults,

In order to simplify later derivations, a brief discussion of sym-
metrical components and the equations expressing the voltages and cur-

rents in terms of these components will be given at this time.
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The fundamental principle of symmetrical components, as applied to
three-phase circuits, 4s that an unbalanced group of three related
vectors, for example; voltage or current, can be resolved into three
gets of vectors. The three vectors of each set are of equal magnitude
and spaced either zero or 120 degrees apart. Euch set is a “symmetrical
component® of the original unbalanced vectors.

Another way to express this fundamental principle is, any three
co-planer vectors Vg, Vp, and Vo can be expressed in terms of three new
vectors V;, Vg, and V3 by three simultaneous linear equations with con-
stant coefficients, where the choice of coefficients is arbitrary except
for the restriction that the determinunt made up of the coefficients must
not be zero. However, there is only one choice for these coefficients so
that the system of three vectors can be replaced by three systems, each
congisting of three symmetrical vectors. 4 system of three symmetrical
vectors 18 one in which the three vectors are equal in magnitude and
displaced from each other by equal angles.

For convenience in notation and manipulation, a vector operator is
introduced. Through usage it has come to be known as vector a. It is a
vector of upit length and is oriented 120 degrees in & positive (counter=
clockwige) direction from the reference axis or a ‘69%? o« A vector
multiplied by it is not changed in magnitude but is simply rotated in
position 120 degrees in a forward direction.

In two of the systems of revolving vectors, there is a sequence of
phases, while in the third system there is none, the three vectors being

in phase.
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The voltages and currents over an entire system are then expressed
in terms of their components, all referred to the components of the
reference phase. 7The choice of which phase t0 use as reference is en-
tirely arbitrary, but once it is selected, this phase must be kept as
the reference for voltages and curren£s throughout the system and its
analysis. It has become customary is symmeirical component notation to
denote the reference phase a8 "phase a."

‘'he double subscript notation will be used with the smull letters
a, b, and ¢ to indicate the phuses and the numersls 0, 1, and 2 to
designate the zero, positive, and negutive sequence respectivelye.

Now using "phase a" as the reference phase and making use of the
operator a, the following relations exist:

For positive sequence vectors,

Vol * a¥Vgi Vo) * eV

For negative sequence vectors,

Voa = aVaz; Ve © alV,,

For zero sequence vectors,

Voo ® Va0o; Veo ® Va0

Using these values for the positive, negative, and zero sequence,
in writing the equations for the phase voltages in terms of the reference

phase components, the following equations result:

Va ® Va1 £ Va2 £ Vg0 (1)
Vp ® aVg) # aVez £ Vgo (2)
Vo = alg) # 82V, £ Vg (3)

Many times it is necessary to express the positive, negative, and

zero components in terms of the unbalanced voltages. This can be done
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by adding the above equations together, and equation (4) below is ob=-
tained. Multiplying equation (1), (2), and (3) by 1, a, and a2, res-
pectively, und adding, expression (5) is obtained. Then multiply by 1,

12. and a, respectively, and add to obtain equation (6).

Vao & 1/3 (Vg # Vp # V) (4)
Vo, = 1/3 (Vg # aVy f &2V;) (5)
Vaz = 1/3 (Vg # 82Vp # aV¢) (6)

The same expressions can be shown to exist for the vectors repre-
senting the currents in a three-phase system. These will now be set

down for later reference.

Ia B I F Iz # Igo (7
Ip % 82lg) # 8, F I, (8)
Ic © alg) f a2l # Iy (9)
Iao = 1/3(Ig # Iy £ 1) (10)
Igy ® 1/3(I, f sl # &%I¢) (11)
Igz 5 1/3(I, # 821y # elc) (12)

These voltage and current vectors with the appropriate subscripts
will be used to indicate various voltuge and current vectors depending
on the relationships to be found. In the following expressions, they
will represent the conditions at the fault point.

In the consideration of simultaneous faults, it is known that each
fault affects the voltages and currents resulting from the other; theree
fore, they cannot be treated independently. However, the conditions at
each fault point can be set down expressing the fault voltages and cure

rents in terms of their symmetrical components and reference phasee
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Using phase & as the reference phase, the currents as those flowing

into the fault, and the voltages as those appearing as voltage to ground

at the point of fault, the fuult equations expressing the relations be-

tween the symmetrical components of I, and Vg will be developed for the

conditions to be used in this probtlem.

Consider Fig. 1 for the cases

given.
X X
V! Val Vol
:‘\\i‘lrlk | Ta {\\\*“N»In
Va! Va! Vo
ﬁ‘\\*-1- | Is S
Vel
|

5

/
i

k

/

e
=

Fig. 1

Fault current and line=to-ground voltege representation at some point X
in & system.

Case A. Line-to-Ground Feult on lFhase ae.

If line a 1s grounded, Vg 2 O and Iy = I #0. Substitution of these
tault current conditions into equations (10), (11), and (12) will give,

Io,%1/31,

Igy1 = 1/3 I,

Ig2 21,3 I,
From which

Ig0 * Ia1 * Ia2 (13)
Substitution of Vg, 0 into equation (1) gives,

Va1 = (Veo # Va2) ' (14)

Case B. Line-to-Line Fuult Between b and c.

The equations for this fault are
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Substitution of the voltage fault conditions into equstions (<) and
(3) will give,

(Vao # 8% f aVgp) = (Vo # &V, £ &%V,

Val (a2 - &) 3V, (8% - a)

Val = Va2 (15)

If the current conditions are substituted into equations (10),
(11), and (12), we have

10 =0 (16)

21/3 Ip (a - &%)

L)
®
>

]

£1/3 Iy (az - a)

-

®

1
]

From which

(a -a%)
Ia2 ® Ial( a?_-a ) =1, (a-1
a -8l @ (1 ~a
Ie2 51, ¥3 figg = I.; (180
Iaz ® -Ial (17)

In a similar manner, the expressions for the symmetrical component

relations can be obtained for & line=to-line fault between phase & and b,

They are
Ig =0 (18)
Iz = -8% I, (19)
2 )
Vez * & Val (40)
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Case C. Louble Line-to-Grouud Fault on Phuses & aud C.

We again refer to Figure 1 and write immediately that V, % V, < 0.
I, £ 0

From equations (1), (3), and (8), we cen write

Va Vo ®* Va1 # Vg, f Vao -(aVqy # azvaz * Vao

B (1 -a) Vg # (1 ~a%) Vyp %0

Vo F Ve 2 (1 Fa) Vy, #(Lpal) Vg, fav,=so

I, * ‘2131 falgp f Ig0 * 0

From which we can write

vaz s aVal (21)
- 2 o
vao & Val (&2)
2
Iﬂ-l € -a Iaz -aIao (23)

The equations (13)=-(23) give the relationship for the symnetrical
components of I, and V, at any point in the circuit for an unsymmetrical
fault. For any one fault, three equations can be obtained, so that for
& 8imultaneous fault, six equations can be written which are independent
of the system impedancess The other six equations necessary for an
enalytical solution give the relations between fault currents and volte
ages for each seyuence and therefore depend upon the impedances of the
three sequence networks of the system.

The.equivalent circuit for replacing a single fault in the positive-
sequence network is a single impedance connected in shunt (or series)
with the positive-sequence network at the point of fault. The equiva~-
lent circuit for a double fault is & three-terminal network. The three
terminals are two points of fault and the zero potential bus. The

simplest forms of three~terminal networks are the delta and the wye,
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After the reduction of the sequence circuits into their equivalent
wye form, the equations relating the sequence voltages and currents to

the respective sequence impedances can be written.

Fige. 2. wero Sequence Wye

The notation used in the above diagram represents the two faults at
point X and Y in the system. The impedances are represented by S,, Co,
and Dy and the currents by Iy, and Iyo' From this equivalent wye, we
can write the following equations:

Vio ¥ "Ixo (8o £ Co) ~Iy4 (5,) (24)

Vyo ® =Ixo (o) 'Iyo (50 f D) (25)

Solving these for the currents Iy, &nd Iyo

Iyo = “Vxo {Lo £ Sg) # Vyo_Sa
Doo Doo

(24a)

Iyo ¥ VyxoSo. = Vyo (S0 £ Co)

Doo Doo (z5a)
Wihere Doo = (S, # Co)(Dg # 8o) =(8,)%
2 SoDg # CoDy ¥ coso
This gives us two more equations necessaury to make the analytical
solution for a simultaneous fault condition. The other equations neces-
sary are the relations between the positive and negative sequence fault
currents and voltages and their impedancese.

Similarly for the negative sequence diagram two of the remaining

equations can be written.
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S, l Tt Ive

Fig. 3. Negative Sequence Wye.
Voo ® -Ixz (82) -Iyz (53 # D) (27)
Solving for the currents Iy and Iy2

Iy2 E -sz ‘32 t DZ! f Vyz S2
D22 D22 (26a)

Iyz = Vep Sz -Vyz S2 fCa_
Dgy Do

(27a)

Where Dz = C2S3 # D,S; + CyDp

hlso, the positive sequence equivalent wye circuit cun be drawn and
the last two equations written. 71he equivalent circuit drawn here for
the positive sequence is for a system under load with the voltages fo

and Vgy being the voltages in the system at the points x and y before

the faults occur.

Vi Vi
Fig. 4. Positive Sequence Wye.
Vi1 ¥ Vey =Ix1 (C) £ 51) -Iyp (8) (28)
Vy1 s Vty Iy (D; # s1) e %Y (s1) (29)
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Now for the enalytical solution to a problem there are twelve equa-
tions and twelve unknowns. Since the solution of these equations is
wanted for a line-to-line fault at point x in the system between phase b
and ¢ enda line-to=ground feault at point y in the system on phase a,
equations (13) and (14) will apply for point y, and equations (15), (16),
and (17) will apply for point x. (See Fige. 5.) These equations will be
written here now for convenience and with the subscript a omitted & nce
they all refer to phase a.« The x or y subscript is added depending on

to which fault point they apply.

X
Via ! Vya!

r\\*\~1xn —————— 3‘\\*"51;"
]

Vs | Vis

:\WI" —————— T~ _Tvs
\&‘: ______ ch

]
|
r\\’*~11ic =‘\ﬁ‘*~.1vt

Fig. 5. Fault Conditions on System (Line-to-Line between Phases b and ¢
at one point in system, and Phase a to Ground at another Point).

Iyo = Iyl * Iy (13a)
Uyl = =(Vyo £ Vyu) (14a)
Vy1 = Vxz (15a)
Izo = 0. (16a)
Ixz ® I, (17a)

from these six equations and equations (24) to (27), the positive and
negative components of the voltage and currents are eliminated. If equa-
tions (13a), (16a), and (17a) are substituted into equations (24), (25),
and (27) for the zero and negative sequence currents, the result is

shown below.
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Vo 0 L) (5,) (30)
Vyo ¥ 0 =I,; (D, # Sp) (31)
Ve2 = I (sz f Cz) -Iyl (s;) (32)
Vya ¥ Ixl S ~Iyl (S2 # Dz) (33)

These expressions are then substituted into equations (14a) and
(15a) and there results an expression for the positive sequence voltages
in terms of positive sequence currents and negative und zero sequence
impedances.

Vi 3 -(yo # Vya) ® Iy (Ug # So) -InSz # Iy (S5Dz)

yl
Vxi1 Vx2 * Ia (52 # cz) -Iyl (32)

Factoring and rearranging gives

Iy (55 # G2) I (5,) (34)
j1  <Iaa (82) # Iy (Do # S, # Dy £ 82) (35)

Equations (34) and (35) may now be simplified by being written in

V1
\'f

this form:
Vi Sk Iz rmlI

yl (36)
Vo Taly £l

Where k = 5, f C;, m = =S5, n 3 -5, and 1 2 (D, ¢ So # Dz £ S,)

If the values of v and V& from (36) are now substituted into

1 1
equations (28) and (29), the following expression results:

Vor S 1 (s;) ¢ I (Dy#81) #nl,; f1I

Solving these for le and I

y1
yl'
Ipp = Vet (D1 # 51 £1) =V (5 fm)

Ao (37)
4,

Iyy 3 =Vxge (81 £ n) £ Vye (C £ 8) ¢ K1)
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Where Aos (Cp 7 5y #k)(Dy # 81 #1) =(51 # n)(S; # m)

The expression (37) can now be used for calculating the fault currents
in the positive sequence at the two fault points. Qnce these are deter-
mined, the voltages Vy) and Vy) are determined from equation (36). The
values of Vi, Vyor Vx2, and Vy2 are then found from equations (30)--

(33)s There remains only I which can be calculated

xo! Iyop Ixz, Iyz.
from equations (24a)--(27a). 7This then gives all of the six fault volt-

ages and the six fault currents. Ilnowing these will enable the calcu-
lations to be made of the voltages and current at any point in the cir-
cuit due to the faults.

The values of k, m, n, and 1 will now be computed for another simul-

tuneous fault condition(see Fig. 6).

X Y
Via ! Vyal

: Im\ : IYA
Vest L Vsl
N Ixs :\ Ive

\kc: Vh:

| Ixc T :\ Ive

Fig. 6. Simultaneous Fault Condition on a Power System (Line=to~Line
Fault Between Line a and b at one point in system, with Phase a to
Ground at another Point in System).

The equations for the relation between the seyuence voltages and

currents at point x and y are (13), (14), (18), (19), and (20).

vyl - '(vYo f vyZ) (14‘)
I,o =0 (18a)
Ixz ° -a® Iy (19a)
Veo © azVxl (20a)
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4gain the subscript a is omitted to avoid writing a triple sub-
script. The subscript x or y has been added to determire which equations
express the conditions at which fault point.

Using equations (24)--(27) and substituting equations (13a), (18a),

and (19a) into them for the zero and negetive components of current, the

result is
Vzo 0 =Iyy (S,)
Voo 50 -1, (Do # So) 55)
Vyz = #?Iy) (C2 # S2) -Iy1 (Sp)
Vyp = % I, (5,) Iy (D £ Sp)

Substituting these values of (33) into equations (l4a) and (loa),
the following expressions result:

a?v,) 3 8%1, (C, 4 5y) -1, (S,)

vyl = "2111 (sp) # Iy, (Do # 84 # Dy f S2)

Kearranging and factoring gives,

Vxl ¥ Ipy (Cz # S2) -Iy1 (aSy)

Vo 3 oI (8%8y) # 1y (b, f So £ Dy 55)
Rewriting the above, they become,
Vx1 Sk Iz fm Iy

(39)
v

Where k = Co ¢ 82, m*= -aSg, n % -azsz, and
l‘(DOfsofDafsz)
The equations from (39) can then be substituted into the equations

for the positive sequence equivalent wye and the expressions for the

positive sequence fault currents determined like (37). ‘T'he equations
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in (37) are valid for any one system for any variety of feults which are
located at the same points. Just the values of k, m, n, and 1 need be
determined for each condition. 1If the faults occur at different points
every time, then new values of the equivalent wye circuits must be
computed alsoe

A problem will now be solved illustrating the use of these equations

for a short circuit on phases b and ¢ with phase a to ground.
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Part II

The problem which 1s to be solved by the method of symmetrical com-
ponents was suggested to Lr. J. aA. Strelzoff by Consumers Fower Company.
It is a typical problem involving a portion of a large distribution system
with small generating units connected into the system through the distri-
bution. It has been separated from the rest of the system vith the equi-
valent voltage and impedance values of the system determined at the point
of separation.

Iin these types of systems, there must be adeyuate protection pro-
vided these small generating units for the different tyres of faults which
Mmay occur. Lany of these conditions ure now being neglected due to the
cost of obtaining the use of networa analyzers and of setting the problems
up. 1herefore, the analytical solutions to simultaneous fault conditions
on portions of large systems are very much desired. It is not necessarily
a case of obtaining the exact solution for each current in each branch
due to the faults but more to find tne trend of the currents for many
fault conditions and theu setiing the protective equipment from this over-
all data.

he problem worked here is for phase B and C short circuited together
at some point with phase & shorted directly to ground &t some point in the
system isolated from the former fault point.

ihe one=line diagram is shown in Fig. 7. Below the figure are the
impedance values of the louds, transmission lines, and generatars figured
oq o;e base KVa. rigure eight then showe the one-line diagram vwiih the

values of the impedances included at each load.

T
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AYy
@-—-} S > 585 kva
6.57%
Joz, 2500 KvA)
/08000kvA
nlu Y 3.5
M A 450KVA
V {( 3= 700K VA
400Kkv4 600 KVA
G) s,
750 KVA4
Fig. 7

One-line diagram of power system.

5= 407 (7.5)° x 10 ® § 2.25
100,000 aVa

T) 5 6452 (7.5)%°10 oV ® § 1.46

2200 LVa
Loud 1 2 100% (7.5)% x 10 = 141
400 aVa
Load 2 2 100% (7.5)% x 10_ = 94
600 uVa
Load 3 5 100% (7.5)% x 10 & 96

280 KVa

Load 4 ® 100% (7.5)% x 10 = 81
700 KVA

Ty = 345% (7.5)° x 10 = j 4.36
450 LVA

Gen. = 115% (7.5)° x 10 = J 86
T50 iV
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@ ; k > 76
ye.2s 9146
wodv Y 34.36
A A
Y ————————3 84
14 74 8
Fig, 8

System one-line diagram showing impedances of components,

©)

B245.173 456 1j.097

4

@

Fig, 9 Positive Sequence Diagram,

Fig. 11 Zero Sequence Diagram,
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Figure 8 is then followed by figures 9, 10, and 11, which are one-
line diagrums of the positive, negative, and zero sequence respectively.
The impedance values of each branch are indicated in each diagram. The
numbers in circles represent the number of the branch in the circuit.
These will be used in representing the branch currents throughout the re-
mainder of the computations. 7The two points of fault are represented by B1
the x's on figures 8, v, 10 and 11.

Before the fault voltuges and currents can be computed, it will be

noticed from equations (37) that Vyg and Vyg will have to be determined

a8 well &8 the values of §,, Sy, Sy, D3, Dy, Do, €;, C2, and Cgo. Vit

\Lanre

and Vyf are the voltege values occurring at the points of fault before
the faults occur., Therefore, these are determined from the one-line dia-
gram of the system operating normally with balanced loads.

rigure 12 shows the system with points x ad y, the impedance, and
generator values all indicated. 7“he wye section between points x and y

have been changed to a pl for further euse in computations.

.86/ L3k2
94

£Es=7210(3 C) () Eq=T7290L2

System under normal operating conditions.
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The node voltage values shown will now be computed giving the values
of Vyg and Vys to be used in equation (37). 7These voltage values along
with voltage Vo will then be used to compute the branch currents under
normul operation. The node voltage equations are:

Vxr (Y11) -Vys (Yi2) =Vc (¥33) = 7210 /3 (-).289)

“Vyr (Yp) # Vye (Yp5) =Vo (Yz3) = 0

“Vyt (Y31) =Vyp (Y32) # Ve (Y33) = 790 [3 (-3.0116%)

The udmittance values being:

¥i1 % 1.945 [=37.8

Y2 ¢ Yy, 2 1.782 [-31,2
13 = 0
1.93 /-36.8
Tz3 & Y3p % 23 [=90
Y33 = 242 [=87,.1

These equations &«re then solved by the method of determinants, giving

-4
™
[

"

the values of Vgg, Vyf, and Vg

Vyg 5 6960 [=5.7

yf

V. ¥ 6900 [=8

ihese node voltage values are then used to compute the currents in
the system when it is operating under normal conditions. Upon changing
the pi circuit back to the original wye and numbering the branches a8 they
are in figure 13, the currents were computed and tabulated in Table I.
These current values will be used later after all the fault currents have
been computed. By superposition these currents will be combined to give

tne total currents which occur when the system is in operation and these

faults take place,




Table I
BRANCH CUAKENLS UnDER NOaldAL CONDITIONS
Branch Currents
I, 276-34.63
I, 50-14.63
I3 224-343.6
I 89.4~j23.0
I 135-320.7
16 T2.2-37.2
I7 63.2-314.23
Ig 84.3-311.9
Iy 24.3-33.50

Figo 13
System under normal conditions, showing
the current directions in each branch.

<l.

Eg= 7290LL

R L
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1The next phase of the problem is to determine the impedance values
of the equivalent vyes of the positive, negative &nd vero sequence circuitse.

ror the zero sequence circuit, branch 1 und 2 were first paralleled,
Then the wye circuit between point x and y was changed to & pi (see Fig.
11) and the parallel legs of the pi were combined vith the combined
value of branch 1 and branch 2 and also with branch 6. This pi circuit
was then changed to an equivalent wye, thus giving the values of CO,
Ly, and §j.

The positive and negative sequence circuits are identical except
for the generators in the positive sequence circuit. Therefore, the
equivalent wye circuit will have the sume impedance values when the
values of Dj, C3, and §) and Dy, Cy, and Sy are computed.

from figure 9 or 10 it can be seen that after changing the wye
section between points x and y in the circuit to a pi section, there
remging only series uad parallel combinaetions of impedences to calculate.
After these combinations have been made, retauining points x and y, there
rerasins only to change the total pl combination to an equivalent wye
circuit, thus giving the values of Cl' Dy, S1» Cz, Dz, and Szo These

values are now tabulauted in Table II.

Table II
Eranch Impedance Value
C, -.0068f j.0124
o, v482F 34295
S5, .069fj1.445
C1=Cy - .0025¢j.0544
D13D, o469 §.829

§1%5, 434413 .436

LON T e Yy

A [ peapwr




i

LSS

v -



234

The velues of k, 1, m, and n can now be computeds Ther appear in

equations (36), which are used to compute the positive sequence voltages.

KSC2 ¢4 382 %5 (=.0025 ¢ j.09v94) p (.484 ¢ § 3.436)
S .4815 f J 3.4954

m=n®-5, = -.484 -] 3.436

13D #F 8¢ D, t Sz

(<482 # J +235) # (069 p J 1.445) # (.469 f § .c239) ¢

(.484 # § 3.436)

1= (1.504 ¢ J 5.405)
From equation (37) it can be seen that it is only necessary to obtain

the walue 0of A and then the fault currents and voltages can be computed.

A

(Cp £ 81 # %) (D #81#1)=(51#n) (5 #m)

(496380 # J 6.991) (2.45T7 ¢ j v¥.070)

(=61.04 ¢ j 25.96)
anowing these value s, the positive sequence fault currents can be
computed at point x and y. Using equation (37), wherem ¥ -S2 and

81 % Sz, it is seen that they reduce to,

Io1 = Vyy (D) £ S1£1)

a

I,0 5 Vye (C1 £ 81 ¢ k1)
y )
a

Ix1 - 7030 (=5.3 [2.437 ¢ j 9.07 S (45.2 =3 998)
I,0 = 6960 [=5.7 [.9680 ¢ ] 6.99087) = (=254 -J 698)
’ [-61.04 ¢ § 25.96

kno ing the positive sequence fault currents, from equations (36) it

can be seen that the positive secuence fault voltages may be determined.

=
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Vyy = wlyl # mly)

Y (36)
Vyl - ﬂle f 1Iyl
Substituting the known values of k, m, n, 1, le, and Iy, the

values of Vy] and Vy are easily found.

Vel = (4815 ¢ J 3.4954) (45.2 =) 948) ¢
(=+434 =) 3.436) (=24 =J 633)
Vg1 - 1233 £ j 866
Vil ¥ (-.484 ¢ J .29b) (45.2 =) vu8) # (1.504 ¢ § 5.405)(-254 -J 693)
% S -89 =) 2087.6

The remaining velues of fuult currents Ixz, Ixos» I, and I . may

be determined from equations(13a), (16a), and (17a).

Iyo ® Iyl © Iyz (1%a)
I.o %0 (16a)
Iyz = -Inl (17a)

‘herefore,

I,o % Iyg = =204 -] 693

yo
Iyo 5 0
I,p 5 -45.2 f § 998

i“he values of fault voltages Vyp, Vg, VyZ» and Vyo may be calcue~
lated from equations (30), (31), (l14a), and (13a).

from equation (30) and (31),

Vio & “Iy1 (80) = -(741.24 [-110.9)(1.445 [87.26)

2 -Iy1 (Do £ 8o) = =(-2v4 -3 643)(.501 # § 1.74)

<
«
o
L}

-1065.8 # j 823.8
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The equation (l4a) will give,

Vyg = =(Vyp £ Vo)

Also Vyz may be determined from equation (33) with both equations
vielding the same results

Vyo = I, (82) -Iyl (5, £ Dz) (33)

Substituting the known values of le, I Sy, and Dy into equation

yl
(33) will givey

Vy2 = 1154.4 f § 1263.8

4ls0 equation (32) or (l5a) may be used to determine the value of
sz.

Vyz = Vx1 (158)

Vg2 1253.1 ¢ j 685.8
‘‘hese twelve values of fault voltages and currents will now be tabue

lated in a table s0 as to be readily available:

Table III

Voltages & Currents Value
Vx1 1253 f § 886
Vyz 1253 # j 886
Vo -981 £ § 429.5
Vy1 -89 -] 2087.6
Vyz 1154 # J 1263.8
Vyo -1065.8 # j 823.8
i1 45.2 ~-j 998
I, -45.2 4 J 938
I0 0
Iy -254 -§ 693
IyZ -204 -J 693
1 -204 -j 693

T
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These fault voltage and current values ure now used with their res-
pective seyuence circuit (figures 9, 10 aud 11) to determine the fault
current § throughout each circuit. 7The negative and <ero sequernce circuits
are relatively eausy because no geuerated voltages appear in them. <The
changes in the pogitive sequence system currents resulting from the
faults can be determined from the positive-sequence fault currents and vol-
tages ard the positive seque nce network with the interngl generated volte
ages eqguated to zero. The currents due to the fuults superimposed upon
the load currents before the fault give the total positive sequence

currentse.

Zecause on is equal to zero tre zero sequence currents can be de-
termined by determining the equivulent impedance of the circuit to the
left of fault poiut y by series snd parallel impedance combinations.
Then finding currents 15 and Ig the circuit can be expanded out again
giving the current velues of the remaining branchese

For the positive und negative sequence circuits the two points of
fault each have voltage values occurring and therefore ti'x currents may be
found as a result of these fault voltage values.

adding the values of current found in the breanches at e;ch fault
point gives a checi on the values of fault currernt flowing from the cir-
cuit at point x and y. ''hese values check vithin the allowable error
fer such computations.

These values of currents are all in reference to phase A aund are

tabuluted in “uble IV.



Table IV
Currents in Phuse 4
Seqguence

Branch Current Positive negutive

I1 -238£3337 -23843337

I, «8.96=35.75 “8.96=j5.75
13 2u2=31329 201 .8 j666.3
14 12416=32066 -12.67=jlz.1
I -280=3737 -214=-j679

I «94TF 31T -1¢=-J13.17
I, 25.3f#j22.3 =T 6=5.67
Ig 235 J2%.4 -14.32-j14.1
I e3-jiL.c2 =13.3£#313.5

The values of currents for phase B and C can
the values of the symmetrical components of phase
mined from equations 1, 2, and 3. It can be seen
that the positive and negative sequence values of
can be calculated by multiplying the positive and

ues of current of phase A by the vector operators

<.

ero
-294=-j672
7.01-j5.075
LT8¢ 5684.5
11.1-j7.34
-<T76-3688
11.08-;8.8
0]

0

0

now be determined from
h. These cun be deter=-
from these equations
currents for phase B
negative sequence vale

2

of a“ and &, respec-

tively. FKor phase C the positive and negative sequence values of current

of phause A must be multiplied by a and az, respectively. 'lhese values

will now be taubuluted in Tables V and VI.




Branch

Table V

Currents in Phase B

Positive
410.8£337.6
-945¢ 34 .89
=129743411.8
=1795¢ji022
-4987j510.8
18.35-;11.69
6.603=333.1
19.96-j14.24

-13 o42’j18 .8

Sequence
hegative

~173.27-j374.9

9.46-j4.87

-677.87-J158.4

16.81-34.92
695¢3163.9
17.4-33.81
14.37-322.5%
14.37=-35.35

-5 004-j18 c26

Lero_
-294-j671.5
7.01-33.075
4787 j084.5

11.1-j7.24

28,

'2.76.5",16‘08'5

11.08-j38.8
0

0

mw
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“able VI

Currents in Phase C

Positive
~172.8-3374.6
J.46=-34.89
1005¢ 3917 .7
1783 j1043
TT8 eep jlis
-19.3-j10.1
-31.93fj10.81
-n&.3=j10.2

Sequence
Negetive

411.34j57.35
-.57j10.62

476.1- 3507 .4
-4.154§17.02
-481f J525.3
~5.4£316.97
13.21f324.21
-5.05¢319.5

18.34714.76

Zero
-294.2-3671.5
7.01-33.08
27843684.5
11.1-37.34
-276.5- 365845
11.08-38.8

0

0

29.




The current directions for the sequence networks sre as shown in

figures ¢, 10, &2d 1ll1. USach branch current is in the same direction in

each sequence. By superposition all currents may now be imposed on one
diagrem (Fige 14) giving the totul current in each branch and phase.
They were surmed up iun the direction shown on the sequence networks.,

The positive, negutive, and zero seyuence fault currents are superimposed

together with the original currents flowing before the fault occurred.
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