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1. SYMMETRICAL COMPONENTS

Three unbalanced phasors of a three-phase system can be resolved into three balanced systems of

phasors. The balanced sets of components are:

1. Positive-sequence components consisting of three phasors equal in magnitude, displaced
from each other by 120 degrees in phase, and having the same phase sequence as the
original phasors.

2. Negative-sequence components consisting of three phasors equal in magnitude, displaced
from each other by 120 degrees in phase, and having the phase sequence opposite to that
of the original phasors.

3. Zero-sequence components consisting of three phasors equal in magnitude and with zero

phase displacement from each other.

Vo Va1 Va2
Voo \
\ Vao
\VVZO
Vo2 <0
Vil
Positive-sequence Negative-sequence Zero-sequence
components components components

Fig. 1.1. Three sets of balanced phasors which are the symmetrical components of three unbalanced

phasors.

The three sets of symmetrical components are designated by the additional subscript 1 for the
positive-sequence components, 2 for the negative-sequence components, and 0 for the zero-

sequence components. The positive-sequence components of 1, Vi, and V; are Vg1, Vi1, and V4.
Similarly, the negative-sequence components are Vgz, Vyz, and Vs, and the zero-sequence
components are Vgp, Vup, and V.. Phasors representing currents will be designated by I with

subscripts as for voltages.

Since each of the original unbalanced phasors is the sum of its components, the original phasors

expressed in terms of their components are:

I;E = L}El + VEE + Uﬂg (11)
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Vo = Va1 +Viz + Vg (1.2)
I{: = Vci + Vcﬂ + Vcl} (13)

The phase displacement of the symmetrical components of the voltages and currents in a three-

phase system by 1207, it is convenient to have a shorthand method of indicating the rotation of a
phasor through 120°. The result of the multiplication of two complex numbers is the product of their

magnitudes and the sum of their angles.

The letter a is commonly used to designate the operator which causes a rotation of 1207 in the

counterclockwise direction. Such an operator is a complex number of unit magnitude with an angle

of 120" and is defined by the following expressions:
a=1,120° = 1e/27/3 = —0.5 + j0.866

If the operator a is applied to a phasor twice in succession, is rotated through 240°, Three successive

a applications of a rotate the phasor through 360°. Thus, the phasor

a?=1,240° = —0.5 — j0.866

a —az
and
a?=1s360°=1,0°=1
-1,—-a* - > 1,a°
1+a+a*=0=0+;0
az —a

Fig. 1.2. Phasor diagram of the various powers of the operator a.

We note that the number of unknown quantities can be reduced by expressing each component of
Va and Vb as the product of some function of the operator a and a component of Va. Reference to

Fig. 1.1 verifies the following relations:

V1 = ﬂzVul Ve =alyy
Voz = aVaz Voo = a?Vy3 (1.4)
Voo = Vao Veo = Vao
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Upon substitution of Egs. (4) in Egs. (1) to (3), we obtain

Vo= Va1 + Voo + Vg (1.5)
Uh = ﬂzVﬂl + E'VEE + VEI} (16)
Vc = ﬂ'Vﬂl + ﬂzV,ﬂ + VED (17)

Adding Egs. (1.5), (1.6), and (1.7) gives

4+ +V=(1+a+a® VW +(1+a+a®)V,+ 3V, (1.8)
and, sincel+a+a?=0,

Vao = 1/3(V, +V,, +17) (1.9)

Equation (1.9) enables us to find the zero-sequence components of three unsymmetrical phasors.
We see that no zero-sequence components exist if the sum of the phasors is zero. Since the sum of
the line-to-line voltage phasors in a three-phase system is always zero, zero-sequence components
are never present in the line voltages, regardless of the amount of unbalance. The sum of the three
line-to-neutral voltage phasors is not necessarily zero, and voltages to neutral may contain zero-

seguence components.

o] 1 1 1][Vao Jr 11
|:Vb =1 a? a Fﬂ,ﬂ_l=§[1 a azl
I 1 a a2V, 1 a? a
A

Frz[!- 1 1 1 1 VE

Va1 =§[1 a azl lVb

Va2 1 a? a L]
symmaetrical unsymmaetricel
cOMponents phasgsystem

The equations could have been written for any set of related phasors, and we might have written
them for currents instead of for voltages. They may be solved either analytically or graphically.

Because some of the preceding equations are so fundamental, they are summarized below for

currents.

Io=1g 12+ 150 (1.10)
I, =a%l g +al,,+ 1, (1.11)
I.=al;+a%l;+1, (1.12)
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I,1 =1/3(1, + aly + al,) (1.13)
I, =1/3(1,+a%l, +al,.) (1.14)
loo=1/3U+ 1y +1.) (1.15)

In a three-phase system the sum of the line currents is equal to the current I, in the return path

through the neutral. Thus,

I+, +1.=1I, (1.16)
Comparing Egs. (1.15) and (1.16) gives

I,= 3, (1.17)

In the absence of a path through the neutral of a three-phase system, I is zero, and the line currents

contain no zero-sequence components.

Example:
I
1l @
b e
I
C @ — L J @
I,=10:0%4

I, =10£180% 4
I.=04
Find the symmetrical components of the current.

Answer:

'Frzl} 1 1 1 1 'Frz
Iaq =§ 1 a a?||l
.irﬂz 1 ﬂ-z a .irc
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1
Iﬂl}zg(fﬂ+ .irb+fc}= ﬂ
1 5
Iy =5 (o + aly + a*1,) = 5.78.-30° 4

1 2 0
Iz =3 (g + a?l, +al,) = 578230° A

Iy =a?l,, = 5782.—150° 4
Iy, = alg; = 5.782150% 4
Iyp=Ip=1pn=04
I.y=al,; =5.78290° 4
I.,=a%l,,=5782—-30%4
ILyg=1lp=1Ipp=04

.illc = .ir51+.ir52 +.irc|}: EIA
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2. SEQUENCE IMPEDANCES AND SEQUENCE NETWORKS

The symmetrical components of unbalanced currents flowing in balanced impedances will produce

voltage drops like sequence only.

The impedance of a circuit when positive-sequence currents alone are flowing is called the
impedance to positive-sequence current. Similarly, when only negative-sequence currents are
present, the impedance is called the impedance to negative-sequence current. When only zero-
sequence currents are present, the impedance is called the impedance to zero-sequence current.
These names of the impedances of a circuit to currents of the different sequences are usually
shortened to the less descriptive terms, positive-sequence impedance, negative-sequence

impedance, and zero-sequence impedance.

The analysis of an unsymmetrical fault on a symmetrical system consists of finding the symmetrical
components of the unbalanced currents which are flowing. Since the component currents of one
phase sequence cause voltage drops of like sequence only and are independent of currents of other
sequences, in a balanced system, currents of any one sequence may be considered to flow in an
independent network composed of the impedances to the current of that sequence only. The single-
phase equivalent circuit composed of the impedances to current of anyone sequence only is called
the sequence network for that particular sequence. The sequence network includes any generated

emfs of like sequence. Sequence networks carrying the currents I;4, I52, and I are interconnected

to represent various unbalanced fault conditions. Therefore, to calculate the effect of a fault by the
method of symmetrical components, it is essential to determine the sequence impedances and to

combine them to form the sequence networks.

The positive-sequence and negative-sequence impedances of linear, symmetrical, static circuits are
identical, because the impedance of such circuits is independent of phase order provided the applied
voltages are balanced. The impedance of such circuits to zero-sequence currents may differ from the
impedance to positive- and negative-sequence currents. The impedances of rotating machines to

currents of the three sequences will generally be different for each sequence.

In deriving the equations for inductance and capacitance of transposed transmission lines, we
assumed balanced three-phase currents and did not specify phase order. Therefore, the resulting
equations are valid for both positive- and negative-sequence impedances. The inductance and

capacitance of transmission lines for zero-sequence currents will be discussed later.
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For symmetrical three-phase static loads consisting of lumped constants or loads which can be
analyzed as having lumped constants, the impedances to current of positive, negative, and zero

sequences are the same because each phase is isolated from, and independent of, the other phases.

2.1. Sequence Networks of an Unloaded Generator

1,
D

FIG. 2.1 Circuit diagram of an unloaded generator grounded through a reactance. The emfs of each

phase are E;, E}, , and E..

In this section our task is simple because one generator and perhaps an impedance in the neutral
comprise the entire circuit. The generated voltages are of positive sequence only, since the generator
is designed to supply balanced three-phase voltages. Therefore the positive-sequence network is
composed of an emf in series with the positive-sequence impedance of the generator. The negative-
and zero-sequence networks contain no emfs but include the impedances of the generator to
negative- and zero-sequence currents, respectively. The sequence components of current are shown
in Fig. 2.2. rrhey are flowing through impedances of their own sequence only, as indicated by the
appropriate subscripts on the impedances shown in the figure. The sequence networks shown in Fig.
2.2 are the single-phase equivalent circuits of the balanced three-phase circuits through which the
symmetrical components of the unbalanced currents are considered to flow. The generated emf in
the positive-sequence network is the no-load terminal voltage to neutral, which is also equal to the
voltages behind transient and subtransient reactances and to the voltage behind synchronous

reactance since the generator is not loaded. The reactance in the positive-sequence network is the
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sub-transient, transient, or synchronous reactance, depending on whether subtransient, transient, or

steady-state conditions are being studied.

Reference bus

(b) Positive-sequence network

Reference bus

(d) Negative-sequence network
IaO
e———

Reference bus

3Z,
Zg
Zgo
——...) a
— IaO
IcO
(e) Zero-sequence current paths (f) Zero-sequence network

Fig. 2.2 Paths for current of each sequence in a generator, and the corresponding sequence

networks.

The reference bus for the positive- and negative-sequence networks is the neutral of the generator.
So far as positive- and negative-sequence components are concerned the neutral of the generator is
at ground potential since only zero-sequence current flows in the impedance between neutral and

ground. The reference bus for the zero-sequence network is the ground at the generator.

Page9
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The current flowing in the impedance £, between neutral and ground is 3I,;. By referring to Fig.
2.2e, we see that the voltage drop of zero sequence from point a to ground is —3I45Z, — Iz0Z40,
where £ is the zero-sequence impedance per phase of the generator. The zero-sequence network,

which is a single-phase circuit assumed to carry only the zero-sequence current of one phase, must,

therefore, have an impedance of 32.',;+Zgg, as shown in Fig. 2.2f. The total zero-sequence

impedance through which I flows is

Zo=3Z,+ Zy (2.1)

Usually the components of current and voltage for phase a are found from equations determined by
the sequence networks. The equations for the components of voltage drop from point a of phase a to

the reference bus (or ground) are, as may be deduced from Fig. 2.2,

Va1 = Eg —Ia12y (2.2)
Voo = =122, (2.3)
Vao = —laoZy (2.4)

Where E_ is the positive-sequence no-load voltage to neutral, Z3 and Z; are the positive- and
negative-sequence impedances of the generator, and £y is defined by Eq. (2.1). The above equations,

which apply to any generator carrying unbalanced currents, are the starting points for the derivation
of equations for the components of current for different types of faults. They apply to the case of a

loaded generator if E is given the value computed for the voltage behind subtransient, transient, or

synchronous reactance for the load existing before the fault.

2.2. Zero-Sequence Networks of Transformers

The zero-sequence equivalent circuits of three-phase transformers deserve special attention. The
various possible combinations of the primary and secondary windings in ¥ and A alter the zero-
sequence network. Transformer theory enables us to construct the equivalent circuit for the zero-
sequence net,vork. We remember that no current flows in the primary of a transformer unless
current flows in the secondary, if we neglect the relatively small magnetizing current. We know, also,
that the primary current is determined by the secondary current and the turns ratio of the windings,
again with magnetizing current neglected. These principles guide us in the analysis of individual
cases. Five possible connections of two-winding transformers will be discussed. These connections

are shown in Fig. 2.3. The arrows on the connection diagrams show the possible paths for the flow of

Page 1 O
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zero-sequence current. Absence of an arrow indicates that the transformer connection is such that
zero-sequence current cannot flow. The zero-sequence approximately equivalent circuit, with
resistance and a path for magnetizing current omitted, is shown in Fig. 2.3 for each connection. The
letters P and Q identify corresponding points on the connection diagram and equivalent circuit. The

reasoning to justify the equivalent circuit for each connection follows.

SYMBOLS CONNECTION DIAGRAMS ZERO SEQUENCE EQUIVALENT CIRCUITS

P Q z,
P_.%_Q

L _mopn— 2

| —

Y

- Reference bus
P Zo Q
O 1,7, 7, ) W

s

Nagat

Reference bus

I pZ Q

I Reference bus

IP r———-——iQ P Zo Q

Reference bus

P Zo Q

Reference bus

FIG. 2.3. Zero-sequence equivalent circuits of three-phase transformer banks, together with diagrams

of connections and the symbols for one-line diagrams.
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Example:

G TR1 TR2 \
A-Y Y-A Y
Z

n

Solve the (+), (-) and (0) sequence networks of the above power system.

(+)

Zj_ zl
— Denklemi buraya yazin.
I 'UTR1 <= Line boTR2 !
[ll
m
(-)
Zg. EZ
—>
Ie ' TR1 C <«— ° Lline boTR2 !
[ll
m
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3z,

Z,, Zmy,
[ AVAVAVST S S Vel Sy JaVAUAY )
oL ' line ' OTR2
Example:

G TR1 TR2 M
—Y-¥— ¥

+ '+ + z

Z n

Zero sequence network,

(0)
3Z, 32,

EQ ] Zmn

TR1 - * Line - - TR2
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2.3. Single line-to-ground Fault on an Unloaded Generator

The circuit diagram for a single line-to-ground fault on an unloaded Y-connected generator with its
neutral grounded through a reactance is shown in Fig. 2.4 where phase @ is the one on which the

fault occurs. The relations to be developed for this type of fault will apply only when the fault is on

phase @, but this should cause no difficulty since the phases are labeled arbitrarily and any phase

may be designated as phase @. The conditions at the fault are expressed by the following equations:

FIG. 2.4. Circuit diagram for a single line-to-ground fault on phase a at the terminals of an unloaded

generator whose neutral is grounded through a reactance.

When I = 0 and I, = 0 are substituted in Eqgs. (1.13) to (1.15), we obtain

I,=1/3(I,+al, +a?l) = "';“

I,=1/3(I,+a?l, +al) = "';

and

Lo =1/30a+1, +1.) =2
Therefore,
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Iy =12=1g (2.5)
By Eq. (1.5), since V; = 0,

VE:VEj_'l'I"FE:"'FED:ﬂ

Then, by Eq. (2.2),

Va1 = Va2 Voo = B — 1144

and from Egs. (2.3) and (2.4)
lozdy+ lgpdo = Eg —la1Zy
but, since Iz1 = Iz = 13,

Ig1Zy+Ig1Zy = Eg —Ig1 2y

and, solving for I;4, we obtain

Ep

T Zitztz, (2-6)

'rrzl

Equations (2.5) and (2.6) are the special equations for a single line-to-ground fault. They are used
with Egs. (2.2) to (2.4), together with the symmetrical-component relations to determine all the
voltages and currents at the fault. If the three sequence networks of Fig. 2.2 are connected in series
as shown in Fig. 2.5, we see that the currents and voltages resulting therefrom satisfy the equations

above, for the three sequence impedances are then in series with the voltage E;. With the sequence

networks so connected, the voltage across each sequence network is the symmetrical component of

I, of that sequence. The connection of the sequence networks as shown in Fig. 2.5 is a convenient

means of remembering the equations for the solution of the single line-to-ground fault, for all the

necessary equations can be determined from the sequence network connection.
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Z 2
2% Iy =1, I
, R T
3Z, 1
Zg Vao
ZgO IaO""‘ Ial l

FIG. 2.5 Connection of the sequence networks of an unloaded generator for a single line-to-ground

fault on phase @ at the terminals of the generator

If the neutral of the generator is not grounded, the zero-sequence network is open-circuited, and Z
is infinite. Since Eq. 2.6 shows that {4 is zero when £ is infinite, Iz and I3 must be zero. Thus no
current flows in line @ since I is the sum of its components, all of which are zero. The same result

can be seen without the use of symmetrical components since inspection of the circuit shows that no

path exists for the flow of current in the fault unless there is a ground at the generator neutral.

Example: A 20.000-kva, 13.8 kv generator has a direct-axis sub transient reactance of 0.25 per unit.
The negative- and zero-sequence reactances are, respectively, .35 and 0.10 per unit. The neutral of

the generator is solidly grounded. Determine the subtransient current in the generator and the line-
to-line voltages for subtransient conditions when a single line-to-ground fault occurs at the generator

terminals with the generator operating unloaded at rated voltage. Neglect resistance.

EE472 Power System Analysis Il
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Solution

On a base of 20.000 kva, 13.58 kv, E, = 1.0 per unit, since the internal voltage is equal to the

terminal voltage at no load.
Then, in per unit,

oo Ea_ 1.0+ 0  4s
1T 7 ¥Z,+2Z, Jj025+,035+ 010 P

Ip=1, =3I, =—j429p.u.

20.10%

————=8364
4/3(13.8)103

base —

Subtransient current in line @ is,

Ir =1, = (—j4.29)(836) = —j3585 4

The symmetrical components of the voltage from point @ to ground are:

Vop = Eg— 1,12, = 1.0 — (—j1.43)(j0.25) = 0.643 p.u.

Vo = =122, = —(—j1.43)(j0.35) = —0.50 p.1.

Voo = =102y = —(—j1.43)(j0.10) = —0.143 p.w.

Line-to-ground voltages are:

V=V 1+ V+V,;=0643-050-0.143 =0p.u.

V, = a?V,, +aV,,; + V.o = 0.643(—0.5 — j0.866) — 0.50(—0.5 + j0.866) — 0.143
I, = —0.215 — j0.989 p.u.

V. =aV,y +a’Vo + V,p = 0.643(—0.5 + j0.866) — 0.50(—0.5 — j0.866) — 0.143
1. = —0.215 + j0.989 p. wu.

Line-to-line voltages are:

Vop =V, — V, = 0215+ j0.989 = 1.01277.7% p. .
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Vye =V —V, = 0 — j1.978 = 19782270 p.w.
V., =V, —V, = —0.215 + j0.989 = 1.012102.3% p. u.

Since the generated voltage-to-neutral E; was taken as 1.0 per unit, the above line-to-line voltages

are expressed in per unit of the base voltage-to-neutral. When expressed in volts the postfault line

voltages are:

13.8
Vo = 1.01 % el £77.7° = 8.05277.7° kV
v

138
Wy = 1.978 % _"E £270°% = 15.73.,270° kV
W

13.8

V., =101x ngmz.aﬂ = 8.052102.3% kV
A

IfZ, = j5.0 0,

B (13.8+10%)2

R T
3 x j5.0 )
Z?"EIE-GE.’,‘!J..‘.L. = 95 =Jj158 p.u.

Irzl = frﬂ = fﬂl}

1.0
217 ;(0.25 + 0.35 + 0.10 + 1.58)

I = —j0.44 p.u.

'FFE = .irE = 3}.&1 = —j'l.32 B

20.10%

——————=18364
v/3(13.8)10°

base —

Igp =1, = (—j4.29)(836) = —j1.1 kA (due to the reactance of Z,, = j5.0 1)

EE472 Power System Analysis Il
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Tutorial 1.

TR1

TR2

Line

TR1

TR2

A

.25 MVA, 11 &V, X, = X, = 0.20, X, = 0.06

.20 MVA, 11KV, X, = X, = 0.25, X, = 0.05

.30 MVA, 11/66 kV,X = 0.10

. 25 MVA, 66/11 kV,X = 0.10

Xy =X, = j40 0, Xy = j100 0

Select system common base values as 100 MVA and 11 kV at the generator side and marking each

respective value in p.u. draw

Positive sequence network, negative sequence network and zero sequence network of the given

power system.

Answer:

&

M

TR1

TR2

Line

X, =X, =02

. Xl :Xz = 0.25

100
25

=08p.u

100
20

=12p.u.

100

X = ﬂ.iﬁz 0.33 p. L

100

X =01 =04 p.u

s

.z, = 43560 % =X, =
Do = o = 4356 0, X, = X, =

EE472 Power System Analysis Il
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- Positive Sequence Network,

(+)

1n
IG

- Negative Sequence Network,

(-)

j0.8 p.u.

11
IG

EE472 Power System Analysis Il

M 120%

j1.0 p.u.

j1.2 p.u.
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- Zero sequence network,

(0)

j0.24 p.u. jO. 25 p.u.
j0.33 p.u. j2.3 p.u. j0.4 p.u
— L UL ——8 U UL/ U\ U\ e
'oTRL ' line ' TR
G Xo=006——=024p.u
M X = 0052 =025p.u
Line :XD :%:}'23 p.1U.

Tutorial 2.Single line to ground fault at terminal a. Find the fault current value at point a?

b
]

+ 0,

Aand B transformers: 20 MVA, 11 kV X, =X, =02, X, = 0.05

ZA:_j'B ﬂ,Z_E:ﬂ

Answer:

_ L1007 cosa
Pass — 20.108

Pagez 1
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IE
Zaipu) = 505 = j0.hp.u.

o

Z,qa=j0.048 .

1.0

EE472 Power System Analysis Il

j([].i +01+ 0048 )
§1.55,/7j0.05

Positive Sequence Network Negative Sequence Network Zero Sequence Network
@ G M j1.5 p.u.
32,
j0.2 p.u. j0.2 p.u. j0.2 p.u. j0.2 p.u. j0.05p.u j0.05p.u
6, E, Va,
£y =j0.01 |
—— N/
I
e Al
£, =j0.01
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Io = = —j4.03 p.u.
a0 =555 = 403U

Ir = 310 =—j12.09 p.u.

2.4. Double line-to-ground Fault on an Unloaded Generator

The circuit diagram for a double line-to-ground fault on an unloaded, ¥-connected generator having

a grounded neutral is shown in Fig. 2.7. The faulted phases are & and £. The conditions at the fault

are expressed by the following equations:

Substituting 1 =0 and ¥.=0 in Egs. (1.9),

V.. = 1/3(V, + a*V, + al.) gives

V.
V., =1/3(, + 0+ 0) = Eﬂ

Va
Vaa = 17300, +0+0) = 3

V.
Vo=1/30, + 0+ 0) =§“

EE472 Power System Analysis Il
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FIG. 2.7 Circuit for a double line-to-ground fault on phases b and c at the terminals of an unloaded

generator whose neutral is grounded through a reactance.
Therefore,
Va1 = Vaz = Vao (2.7)

Solving Egs. (2.3) and (2.4) for Iz and 155 and substituting V1 for Vz7 and V; , we obtain

I - _ I["FEE - _ I"Fﬂl
= 2y 2y
I - _ VED - _ Vr.zi
el Zﬁ ZI}

Replacing Vz1 by B, — 15124 gives

[ ooe — Erz - 'Frzlzl
s Z:

and

[ =— EE - Iﬂlzl
al ZD
Sincel, =0,

jI'E1+ IE2+IED: ﬂ

EE472 Power System Analysis Il
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and

EE - Irzlzl_ EE - Irzlzl -0

j" _
[g12:8— Egip+ 112128, — EgZ,+1,158,2, =10 (2.8)
Erz(zz +ZD} Erz

f = =
Ol g I+ L Zo+ 202y Iy ZoZy /(20 + Zp)

Equations (2.7) and (2.8) are the special equations for a double line-to-ground fault. They are used
with Egs. (2.2) to (2.4) and the symmetrical component relations to determine all the voltages and
currents at the fault. Equation (2.7) indicates that the sequence networks should be connected in
parallel, as shown in Fig. 2.8, since the positive-, negative-, and zero-sequence voltages are equal at
the fault. Examination of Fig. 2.8 shows that all the conditions derived above for the double line-to-

ground fault are satisfied by this connection.

FIG. 2.8 Connection of the sequence networks of an unloaded genera tor for a double line-to-ground

fault on phases & and ¢ at the terminals of the generator

The diagram of network connections shows that the positive-sequence current I;1 is determined by
the voltage E, impressed on Z; in series with the parallel combination of Z; and Z. The same

relation is given by Eq. (2.8).

In the absence of a ground connection at the generator no current can flow into the ground at the

fault. In this case Z5 would be infinite and I,3 would be zero. In so far as current is concerned the

result would be the same as in a line-to-line fault. Equation (2.8) for a double line-to-ground fault

approaches I;1 = E, J(Z,+ Z,) for a line-to-line fault as Z, approaches infinity, as may be seen by
dividing the numerator and denominator of the second term in the denominator of Eq. (2.8) by £

and letting £ be infinitely large.
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3. UNSYMMETRICAL FAULTS ON POWER SYSTEMS

In the derivation of equations for the symmetrical components of currents and voltages in a general
network during a fault, we will designate as I, I, and I the currents flowing out of the original
balanced system at the fault from phases @, b, and ¢, respectively. We can visualize the currents I,
I, and I, by referring to Fig. 3.1, which shows the three lines of the three-phase system at the part
of the network where the fault occurs. The flow of current from each line into the fault is indicated
by arrows shown on the diagram beside hypothetical stubs connected to each line at the fault
location. Appropriate connections of the stubs represent various types of faults. For instance,

connecting stubs b and € produces a line-to-line fault through zero impedance. The current in stub a

is then zero, and I is equal to—1.

a o
’ Al

FIG. 3.1 Three conductors of a three-phase system. The stubs carrying currents I, Iy, and I may be

interconnected to represent different types of faults

The line-to-ground voltages at the fault will be designated 1, ¥, and V.. Before the fault occurs, the

line-to-neutral voltage of phase @ at the fault will be called V¢, which is a positive-sequence voltage
since the system is assumed to be balanced. We met the prefault voltage V¢ previously in

“Symmetrical Three-Phase Faults on Synchronous Machines” in calculations to determine the

currents in a power system when a symmetrical three-phase fault occurred.

A single-line diagram of a power system containing three synchronous machines is shown in Fig. 3.2.
Such a system is sufficiently general that equations derived therefrom are applicable to any balanced
system regardless of the complexity. Figure 3.2 also shows the sequence networks of the system. The
point where a fault is assumed to occur is marked F on the single-line diagram and on the sequence
networks. As we saw in “Symmetrical Three-Phase Faults on Synchronous Machines”, the load
current flowing in the positive-sequence network is the same, and the voltages to ground external to

the machines are the same, regardless of whether the machines are represented by their voltages
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behind subtransient reactance and their subtransient reactances, or by their voltages behind

transient reactance and their transient reactances, or by their voltages behind synchronous

reactance and their synchronous reactances.

=Y ¢ p
¢
Y I

—~HO ¥
<rb>

(a) One-line diagram of balanced three-phase system

|

+
Iaw P

(b) Positive-sequence network

p

Ia2 l
(c) Negative-sequence network

(d) Zero-sequence network

Ial P

(e) Helmholtz-Thévenin
equivalent of the positive-
sequence network

Ia2

(f) Helmholtz-Thévenin
equivalent of the negative-
sequence network

]

Zg Voo

p

—

IaO

(g) Helmholtz-Thévenin
equivalent of the zero-
sequence network

FIG. 3.2 One-line diagram of a three-phase system, the three sequence networks of the system, and

the Helmholtz-Thevenin equivalent of each network for a fault at P

Since linearity is assumed in drawing the sequence networks, each of the networks can be replaced

by its Helmholtz-Thevenin equivalent between the two terminals composed of its reference bus and

the point of application of the fault. The Helmholtz-Thevenin equivalent circuit of each sequence
network is shown adjacent to the diagram of the corresponding network in Fig. 3.2. The internal

voltage of the single generator of the equivalent circuit for the positive-sequence network is V¢, the
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prefault voltage to neutral at the point of application of the fault. The impedance Z; of the
equivalent circuit is the impedance measured between point F and the reference bus of the positive-
sequence network with all the internal emfs short-circuited. The value of £; is dependent on

whether subtransient, transient, or synchronous reactance is used in the sequence network, which is,

in turn, dependent on whether subtransient, transient, or steady-state currents are being computed.

Since no negative- or zero-sequence currents are flowing before the fault occurs, the prefault voltage
between point F and the reference bus is zero in the negative- and zero-sequence networks.
Therefore, no emfs appear in the equivalent circuits of the negative- and zero-sequence networks.

The impedances £z and £ are measured between point P and the reference bus in their respective

networks and depend on the location of the fault.

Since I is the current flowing from the system into the fault, its components 11, Iz and {55 flow
out of their respective sequence networks and the equivalent circuits of the networks at F, as shown

in Fig. 3.2. Examination of the equivalent circuits of the sequence networks shows that the voltages

Va1, Va2, and ¥y at point P are expressed by the following equations:

Va1 =V — 1014y (3.1)
Vaz = —la22; (3.2)
Voo = —l20Z (3.3)

The only differences between Egs. (3.1) to (3.3) and Egs. (2.2) to (2.4) are the substitution of V¢ for

E; and the interpretation of £1, Z2, and Z. For a fault at the terminals of an isolated generator at no

load, E; and V¢ are equal, and Egs. (3.1) to (3.3) reduce to Egs. (2.2) to (2.4).

Solution Algorithm for Unbalanced Faults:
Step 1. Draw the positive-, negative- and zero-sequence networks of the overall system.

Step 2. Calculate and replace the sequence networks by Thevenin equivalence as seen from the fault

points.

Step 3. For the given fault type find out the relationships amoung (+), (-) and (0) sequence are

voltages and currents.

Step 4. Interconnect sequence network such that the relations in step 3 are satisfied.
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Step 5. So that resulting network for the designed variables.

Example:

TR1 Line 1 TR2

Line 2
t’f( _-F(-\L_—L_ X=X =03X,=0.7 _—|—__Y-\Lt'7

Unit A4 and B generate 1.0 p.u. voltage,

A X, =03, X, =02, X, = 0.05
B . X, = 0.25, X, = 0.15, X, = 0.03
TR1 X =012 TR2 X =0.10

All data given in p.u. with respect to select all common bases of the power system. Vr = 1.0p. u.:

Voltage before the fault.

Double lin-to-ground fault occurs at E, find the Ig.

(+)

j0.3 p.u. j0.25 p.u.

F

_ j042 0.5

RIS 23 p
175042 +05) e PH

Page3 O
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j0.2 p.u. j0.15 p.u.

j0.12 p.u. F

F

Line 2

0.32 % j0.4
7 ] J

Ehhal bk B ST S90S
2T 032+ 04 JOPH

j0.05 p.u.

j0.12p.u. F

Line 2

2 =j0.17 p.u.
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(+) sequence (-) sequence zero sequence

~u o
120 Zy=j0.17 p.us.
7, =j023pu. O Z,=j018p.u.
1.0 1.0
Iay = T2Z5 017 x 018, - /> 1pu
Ltz tz, 7 (023 +5 175 018)

;o Veo_ Vr—laZ 02755
A Z,  j0.17

= jl.62 p.u.

Iy = 31,5 = j4.86 p.u.

Let’s solve the same problem with the same fault point location for a single line to ground fault.

e .
Z, =j0.23
|
= Al
Z,=j0.18 -
N ¢
Va,
Zy=j0.17 N
1.0

=—jl.72p.u

Il s=1..=1 = -
al ™ %a2 ™ el 7 5023 +0.18 + 0.17)
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Iy = 31,5 = —j5.16 p.u.

If fault through an impedance,

Eq

Joa=ln=1.n=
alTer el T p I+ Z, +3Z;
——t

|z2g,+32x|
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4. LOAD FLOW ANAYSIS

A load flow study is the determination of voltage, current and p.f. at the given nodes of the power
system network under normal operating conditions. Load flow studies are essential in planning and

future development of the system.

F : Active power S=P+jQ
Q@ : Reactive power S=Vr

vV : Voltage magnitude

& : Active power

A /maginary

AXis
V= |V]zgy
I'=|Il£gs
6= ¢1 — ;
%%
» Real Axis

P = |V||l|cos8
Q=|V||Ilsing
I* = |ll2-¢,

S =VI* = |V|I|l2¢y—o;

Hence we have to consider the conjugate vector.
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Bus Types

Swing (slock) bus (V, S)

Load bus (P, Q)

Generator bus (V, P)

Positive Network
[ ] { ] { ] [ ]
1 2 3 4

Generator Load Connection

LT 1]

Assume for a 4 bus system,

I Yi1 Yis
Ip| Y21 Yz
Il Y31 Vi
s Yo Yy

Vil
You || V2
Yau [|Va
Y44 Uﬂ!-
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j0.2 p.u.

Q

()

jl.15p.u.  j0.lpu. 1)

~ANN— NN —

j1.15 p.u. j0.1 p.u.

©

(@}

()

j1.15 p.u. j0.1 p.u.

Corresponding reactance diagram all data given in p.u. With current sources replacing the equivalent

voltage sources (values shown are admittance in p.u.).

‘10 .
1 o jO.2 pou
=)
Z/
——— N ——
¥y =j0.8 pu. ¥; 0 j0-25p.u.
I 0,125 p.u. N
AN ] L "4
—> =< T,
U ’\/3\’ -
. 2.
¥, =j0.8 pu.
I,
AN
_>
\Z/
L r—1=
¥p = j0.8 pou. 1o Yy
I Y11 Y2 Yis Y)W
I;] |Y21 Yoo Yoz You||Va
I Y31 Yaz ¥a3 Faul|la

Ll Ly, Ve Ve Yl
L =W¥,+ (W —Va)¥ + (1 —1,)Y,
L =V (Y, + ¥+ V) — VoY — LY,
Vi =Y+ ¥+ ¥, = —j0.8 — j4.0—j5.0 = —j9.8
y
Yia=-VYr=740 =V,
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Yia=-Y;=j5.0=Y4

¥,y = —j0.8 — j4.0 — j5.0 = —j9.8
Yyy = —j5.0 — j2.5 — j0.8 = —j8.3

Ya3 = —j4.0 — j2.5 — j8.0 — j0.8 = —j15.3
Yss = —j5.0 — j5.0 — j8.0 = —j18.0

Self Admittance(Diagonal elements)

Yio=Y5 =0
Y13 =Y =740
Yig=V¥4 =j50
Yog = ¥g, = j2.5  Mutual of f Diagonal
Yo, =Y4 =750
Y3, =Y4 =jB.0

#

—j9.8 0 j4.0 j5.0
v, | 0 —j83 j2.5 j5.0
bus = j40 j25 —j15.3 j8.0
j5.0  j50  j80  —j18.0

Properties of the Bus Admittance Matrix

- Itis a source matrix of order 1. ¥ 1
- ltis symmetrical

- Itis complex

Each off diagonal element ¥y, is the negative of the branch admittance between busses & and m.

Each diagonal element is the sum of admittances the branches terminating on the bus k, including

the branches to ground

Page3 7
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5. POWER FLOW IN A SHORT TRANSMISSION LINE

jx

— L "o ———o
—

+ +

Ve Ve

S=FP+jg =VI*
At the secondary end, on per phase basis
S5=Pe+jQs =VsI*
1 1
[=— (Vo —Vg)I* =— (V" = 1%°
jX( s —Va) —jX( 5 7 )
Hence,
Vs
So=——(1"—1:°
5= g (s —Va)
Now suppose that,
VR = |VR|£{]DSG VR = VRR

Ve = V5|28

_ |l[f.r_|:;|2 — [lFR”V_I:;lCUSS +_j'-|UR||F_|:;| Siné‘]

Ss

VellVel . j 5 .
S5g= ¥ Slﬂﬂ‘l‘E(Wﬂ‘—WRHI”HCUN}
|Vr|1Vs]

Ps=—"—"""sins§ W
' ¥ sin &

1 5
Q_r; =E(|V5|‘ - |FR||V5|CDSS} FAR
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4 P (Power Angle
Curve)
|- R
:
1
1
1
1
1
:
1 ; 6
ot oo 1800
P—jQ
P+jg=VI* == e

For a 4 bus system

I; = Y3q W) +Yaoly + ¥aglVy + Yo,V

Py _IQ:_}, v
e m 1+ Vo Vo + ¥oa Vs + ¥oull

e

Gauss-Seidell Method

N
Py — jQy E
—V$ — Vi |, n¥k
e
n=1

Bus system for bus 2,

U—1
¥ Y

F: ==

1 [Pz —Jj@:
¥ "

-
rs r

— Yaulh — ¥V — Vaali

ka
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Example:

> We use that

'\'\3:,) Ty
1.0220° Swing (Slack) Bus
1.0.0°9
—0.6 —0.3 Load Bus
Initial
o 1.04.20° Voltage Magnitude
| Initial Constant
1.020°
—0.4 —0.1 Load Bus
Initial
1.0.09
—0.6 —0.2 Load Bus
initial
p.uw.) pu.)
0.588235 —2.352941
0.329157 —1.568627
1176471 —4. 705882
1176471 —4,705382
0.588235 —2.352941
1176471 —4,703382
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Find Vzl‘l} using Gauss-Seidell?

Answer:
1 [P;—jQ;
'[{'2 = v T— Y21V1 - YEE VE - Y24V4 - YEEVE]

Yz: = }"21 + Y:a + Y:q_ = 2.3529‘4‘1 __jg.'q'iﬂ?ﬁ'q'

Y, = —0.588235 + j2.352941

Y,3 = —1.176471 + j4.705882

Y,y = —0.588235 + j2.352941

Y2z = 0 (no connection between bus)

Vl:l} . 1 [—06+;0.3
I V| 1.0+0
—[1.02 x (—0.588235 + j2.352941) + 1.04 x (—1.176471 + j4.705882) + 1.0

x (—0.588235 + j2.352941)]

v = 0,980635 — j0.052530 p. u. (conjugate of V)
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5.1. Load Flow with The Newton-Raphson Method

P—j@Q
7+

S=P+jQ=VI* ==

For NV bus system at bus k,

N
L= Yiabl
n=1

N
Pe=jQ=V'T=V" ) Y,
n=1

Let,

Ve = |Vk|£6k ’ V.= |Vn|£6n , Vi = |Ykn|£3kn

Then,

N

Pe= Q=) Vilu¥en| 28n + 5=
n=1

N
sz |VkVnYkn|CDSEkn +a?‘!_5k

n=1

Qk = _E‘::llvkvnykn | sin Hkn + ﬂn - 6?{

Consider two functions of two variables x3 and &7 such that,

1

1

1

1

1

1

1

I

1

:

1

1

:fl":xpx:} =0
|

1

1

:fz":xin:}= €2
1
1
I
1
1

Let x;'}} and x;w be the initial estimates,

Let ﬁxim and f_'l.x;‘w be the values by which,
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We initial estimates differ from the correct solutions,
fi (x'm+ ﬂl.x } Iu':'+f1|.:!c })= 1

s (xiﬁ} + ﬂn.xic'},xgﬁ} + ;’_'n.x'f}) =,

=

Expanding the left hand side in a Taylor series,

(0) uu} (o @11 madf
_, +.|'j| - +-Iljl - - =
filx ( ) *y dxy xin) x2 dxs x;n) ‘1
£ ( (o) Iu}) A @82 @Ok
S IARC 2 Bxpl @ 7

Matrix Form,

df ﬂfi
()] -u} — {
fl( X 2 ) ﬂxi |:ﬁ.'X-' Dj
@ )| |as; ﬂﬁ (0
- Iz ( ) 5 Ax,
xq Oxg
[y . Lod (o}
"!"le }] _ f':”':' [ﬁx%}
|\|]| |\|]|
_‘ﬁcz Jecobian ﬁx:
Matrix

The solution of gives ﬂl.x'im and ﬁx;w,

Then a better estimate at the solution,

x'ilj 'D}+ﬂl. '1}}
;:L} _ x;w + ﬁx;“’}

Finishing Reminder

Corresponding to the Matrix Equation for a three bus system (with bus 1 as the slack (swing) bus)

_______________________________________________________________________________________
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rdP, 0P, 8P, 8P,
88, 863 8|V, BVl
AP, ap; apP; aP; AP,
APy | |86, 865 B8IV,| 8IVyl
AQz| |8Q: 8Q, 8Q, 8Q,
@3 a8, 865 8|V 3|Vyl
9Q; 9Qz; 9Q3 9Q;
L85, 88y a|Vy| 8|V
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Ad,
AV
Vs
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