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1.1 Introduction

A power system mainly consists of generating stations, transmission lines
and distribution systems. Generating stations and distribution systems are
connected through transmission lines, which also connect one power system grid to
another. A distribution system connects all loads in a particular area to the
transmission lines.

A three phase power system is said to be symmetrical, when the system
viewed from any phase is similar. This means that, in symmetrical systems, the
self impedances of all the three phases are equal and the mutual impedances, if
any, between the three phases are same. The three phase voltages (or currents)
are said to be balanced if the three voltages (or currents) are equal in magnitude
and have the same phase angle difference with respect to each other. In
symmetrical, balanced three phase systems, the phase angle difference between
the voltages (or currents) will be equal to 120° electrical.

For planning the operation, improvement and expansion of power system, it
is required to make a thorough analysis of the system. This necessitates the
modeling of the power system network. A complete model of a large
interconnected power system representing all the three phases becomes too
complicated, rendering it almost impossible for analysis. However, because of
symmetry of the system and the balanced nature of the voltages, a three phase,
symmetrical, balanced system can be reduced to a single phase system for the
purpose of analysis. This results in considerable simplification of the three phase
network.

1.2 Circuit Models of Power system components

Synchronous machines, transformers, transmission lines, static and dynamic
loads are the major components of a power system. In this section, the single
phase equivalent circuits of these components are discussed in brief.

a) Equivalent circuit of a synchronous machine (non-salient type)

The three-phase equivalent circuit of a synchronous generator depicting the
voltage generated and the impedance of each phase is shown in fig. 1.1(a). Let us
consider the generator to be balanced and perfectly symmetrical, then
Ea=Eb=Ec=Eg| (say) and Z_=Z,=Z =Z_ (say). Therefore, the three phase network

can be replaced by a single phase network as shown in fig. 1.1(b).

— i,
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Note:

A synchronous motor receives electrical power and converts it into
mechanical power. Therefore the direction of current in motor is opposite to that of
generator. Hence its equivalent circuits are as shown in fig. 1.2(a) and (b)
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b) Equivalent circuit of a two winding transformer
The well known equivalent circuit of a two winding transformer referred to its
primary side as shown in fig.1.3.
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Fig. 13

Here, R; and X, are the resistance and reactance of the primary side, R, and X,
are the resistance and reactance of the secondary side. K=N,/N;=V,/V, is the
voltage transform ratio. R, and X, constitute the exciting circuit of the transformer.

c) Equivalent circuit of a transmission line.

The transmission line is represented usually by its nominal p-circuit. This is shown
in fig. 1.4.

Where,

Z= total series impedance of the line per phase.

Y= total shunt admittance per phase.

V. and I, = sending end voltage and current respectively.

Vp and I, = receiving end voltage and current respectively.

d) Equivalent circuit of a three winding transformer.

Both the primary and secondary winding of a two winding transformer have
the same kVA rating, but all three windings of a three winding transformer may
have different kVA ratings.

The symbol of a three winding transformer is shown in fig. 1.5(a). The three
windings are desighed as primary, secondary and tertiary windings. The
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impedances of these windings are connected in star to represent the single-phase
equivalent circuit (with magnetizing current neglected) as shown in fig. 1.5(b). The
common point is fictious and unrelated to the neutral of the system.

Let

Zps= leakage impedance measured in the primary with secondary short circuited
and tertiary open.
Zpt= leakage impedance measured in the primary with tertiary short circuited and

secondary open.
Z,= leakage impedance measured in the secondary with tertiary short circuited

and primary open.

{a) )
Fig. 1.5

Then, from transformer theory, it can be proved that,

Z0s=Zo+Zg e 1.1
Zy=Zo+Zy 1.2
Zo=ZAZ, e 1.3

Equations 1.1 + 1.2 - 1.3 yield,
Zps+ Zpt -Z, = ZZp

Or

Zp = 1A (Zps+ Zpt - Zy ) I 1.4
Similarly,

Z=" (Zst+ZpS—Zpt) ..................... 1.5

And

Zy= Y2 (Zy+Zy~Z 1.6

ps) .........................
The above formulae are used to compute the impedances of the three windings.

Applications of three winding transformers

i) They are used for interconnecting three transmission lines, each working at
different voltage and power levels.

ii) Find extensive utilization in high voltage laboratories.

iii) Static capacitors or synchronous condensers may be connected to tertiary
windings for reactive power injection into the system.
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e) Equivalent circuits of static loads

Electric furnaces, induction heaters, lamps etc are the static loads on a power
system network. They are usually represented by their equivalent impedances.
(Example 1.9)

f) Equivalent circuits of dynamic loads

Synchronous motors and induction motors are the common dynamic loads
that are encountered in power system networks. The equivalent circuit of a
synchronous motor is shown in fig. 1.2(a) and (b). Now, let us consider the
equivalent circuit of an induction motor. This is similar to that of a two winding
transformer. The equivalent circuit of an induction motor as referred to the stator
is shown in fig. 1.6.
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Fig. 1.6

Here,
R, and X, denotes stator resistance and reactance respectively. R_and X_ are rotor

resistance and reactance. The exciting or magnetizing circuit is composed of R,
and X,. 'K’ is the voltage transformation ratio. The variable resistance represents
the load on the motor.

1.3 One line diagram

A diagram showing the interconnection of various components of a
symmetrical, balanced, three-phase power system by standard symbols on a
single-phase basis is called as one-line diagram or single-line diagram. This
provides, in concise form, significant information about the system.

Some of the most common symbols used in one-line diagrams are shown in table
1.1

Note: The neutrals of synchronous machines are generally grounded through
resistors or inductance coils to reduce the current flow through the neutral during a
fault. The coil so used is called a ground fault neutralizer, or Petersen coil.

Fig. 1.7. depicts the one-line diagram of a very simple power system. It
consists of a solidly grounded generator connected to a bus and through a step-up
transformer to a transmission line. Two motor loads are connected to a bus and
through a transformer to the opposite end of the transmission line. The ratings of
the machines, their reactances and few relevant datas are also shown.
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Tahibe 1.1

G: 300MVA, 20kV, X"=1.2Q

T.: 350MVA, 230V Y/20kV A, X=15.2 Q/ph
T.: 300MVA, 230V Y/ 13.2kV A, X=16 Q/ph
TL: I=64km, XTL= 0.5 Q/km

M,: 200MVA, 13.2kV, X"=1.6 Q

M,: 100MVA, 13.2kV, X"= 1.6 Q

Fig 1.7

\ / \,

A /_

1.4 Impedance and reactance diagrams

The one line diagram provides a concise information about the system. The

performance of the system load conditions or upon the occurrence of a short circuit
cannot be directly calculated using the one-line diagram. It is necessary to obtain
an equivalent circuit of the system for the purpose of analysis under the aforesaid
conditions. The impedance and reactance diagram enter the screen at this
juncture.
The impedance diagram is obtained by replacing each component of the power
system by its single-phase equivalent circuit. The synchronous machine is
represented by and emf source in series with an appropriate impedance. The
transmission line replaced by its equivalent p-circuit, transformer y its equivalent
circuit and loads by their equivalent impedances.
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The simplified diagram got after omitting all resistances, the magnetizing
circuit of the transformer and the capacitance of the transmission line in the
impedance diagram is called as the reactance diagram. The simplified
representation of some of the important components of power system in reactance
diagram are shown in table 1.2
| COMPONENT |

EQUIVALENT CIRCUIT

i Ef
E I'

o
I

b!ﬁ,

Synchronous
generator

Synchronous
maotor

Transformer /
Transmission Line

Table 1.2

Of course, omission of resistance introduces some error in the analysis, But,
the results may be in almost all cases satisfactory, since the reactance of the
system is much larger than its resistance.

Fig 1.8 shows the one line diagram, impedance diagram and reactance diagram of
a sample power system.

1 of & 5 kv
JS0IVA, v= 15X Th SOOMVA, r= (6T

G - 300 MYA, 20 KV, X* = 1.20

MI
M,

200 KVA, 1T EV N

100 MIVA, 122 KV, X

1

1.6

S SNSRI SPVRVERE R TYRI

. - e + e

| Moine) Mol
LU M,

It is re-emphasized here that only a balanced, symmetrical three phase
system can be reduced to a single-phase system. In a balanced system, no current
flows through the neutral and hence the current limiting impedances are not shown
in the equivalent impedance and reactance diagrams.

The impedance and reactance diagram are sometimes called as positive-sequence
diagram. This designation will become apparent in chap. 4.
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It can be observed from the one line diagram that there are three voltage
levels (13.2, 20 and 230 kV) present in the system. The analysis would proceed by
transforming all voltages and impedances to ant selected voltage level, say that of
transmission line (230 kV). The voltages of generators and motors are transformed
in the ratio of transformation and all impedances by the square of the ratio of
transformation. This is a very tedious procedure for a large interconnected network
with several voltage levels. The per unit (P.U) method discussed in the following
section is found quite convenient for power system analysis.

1.5 Per Unit (P.U) system

The per unit value of any quantity is defined as:

the actual value of the quantity in any unit

the base or reference value in the same unit
since the base value always has the same units as the actual value, the per unit
value is dimensionless.

If we choose, 50A as the base current, then a current of 30 A is equal to
30/50 = 0.6 in per unit, a current of 80A is equal to 80/50= 1.6 in per unit. It is
usual to express voltage, current, volt-amperes and impedance of an electrical
system in per unit quantities.

1.5.1 Per Unit system applied to single phase circuits

Let,

Base voltamperes =(VA);

Base voltage = V;

then

Base current Iz;= (VA)s/Vs

Base impedance Zy=V:/1:=V%/(VA)s Q

If the actual impedance is Z Q, its per unit value is given by
Zow=2Z/Zs= Z(Q)x(VA):s/ V% e, 1.7

For a power system, practical choice of base value are:
Base voltamperes = (MVA);

Base voltage = (kV)s

Hence,

Zow= Z(Q)X(MVA)s/ (KV)Zaeuuiriiiiiiiiiiiiiiieineeneieaaeans 1.8

1.5.2 Per unit system extended to three phase circuits
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Here, rather than obtaining the per unit values using per phase base
quantities, the per unit values can be obtained directly by using three phase base
quantities. Let
Three phase base megavoltamperes =(MVA);

Line to line base kilovolts = (kV)s
Assuming star connection (or equivalent star can always be found),
Base current Is=((MVA)s / 3) / ((kV)s/ V3) = ( (MVA)x10°) / ( ( (10%/ 10°) x
(V3 x V3) x 10° (kV):)/ V3)

= (10° x (MVA): ) / (V3 x (kV)s) = ( 1000 x (MVA)s ) / (V3 X
(kV)e )
Base impedance Zs= (10° x (kV):) / (V3 Iz) = (1000 x (kV)s) / (V3 ( 1000 x
(MVA)s ) / (\/3 x (kV)s) )

= (kV)% / (MVA), Q

If the actual impedance is Z Q, its per unit impedance is given by,
Z,,= Z2(Q)/ Zs=2(Q) / (kV)% / (MVA)s
or Z,.= Z(Q)X(MVA):/ (KV)% i, 1.9
Note:
Sometimes per cent values are used instead of per unit values.
Per cent value = per unit value x 100
per cent value is not convenient for use as the factor of 100 has to be carried in
computations.

1.6 Change of Base Quantities

The impedance of a device or a component is usuall specified in per unit or
per cent on the basis of its own rated MVA and rated kV. In a large interconnected
power system, there will be various devices with different MVA and kV ratings.
Hence , it will be convenient for analysis to have a common base for the entire
power system. Since all impedance in any part of a system must be expressed on
the common base, it is necessary to have a means of converting per unit
impedances from one base to another.

Let (kV)s o0 @and (MVA)s, s represent old base values and (kV)s, new @and (MVA)g,
ww Frepresent new base values.
Then, by virtue of Eq. 1.9, we can write
Z,. 0qa= Pp.U impedance of a circuit element on old base
Z(Q)X(MVA)s oia/ (KV)25 oid vererererernmneneieienenenenenenns 1.10

Z,. ew = P.U impedance of a circuit element on new base
= Z(Q)X(MVA)g new/ (KV)%5, new «oerrenenerneneinrenersrnenennens 1.11
Dividing equation 1.11 by equation 1.10 and rearranging, we get

Zp.u, new = Zp.u, old X ( (MVA)B, new / (MVA)B, old ) X ( (kV)ZB, old / (kV)ZB, new )
.................. 1.12

Eq. 1.12 can be used to convert the p.u impedance expressed on one base value
(old) to another base (new).
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Example 1.1: Calculate the per unit impedance of a synchronous motor rated
200kVA, 13.2kV and having a reactance of 50 Q /ph

Solution:

Base values:

The ratings of the machine itself is considered as base values.
Therefore,

Base voltage (kV)s = 13.2kV

Base megavoltamperes (MVA);= 200 / 1000 = 0.2 MVA

Then, the reactance of the motor in p.u is given as

Xou = X () (MVA): / (kV)%: =50 x (0.2)/(13.2 )>*= 0.0574 p.u

Example 1.2 : The primary and secondary sides of a single phase 1 MVA, 4kV / 2kV
transformer have a leakage reactance of 2 Q each. Find the p.u reactance of the
transformer referred to the primary and secondary side.

Solution:

Base values:

(MVA)s = 1 MVA

primary base voltage (kV,)s = 4kV

secondary base voltage (kV,)s = 2kV

also, it is given that X;= X,= 2 Q.

Primary side:

the total impedances as referred to the primary side X,,= X; + X,'
where,

X' =X, (kV,/ kV,)?=2(4/2)°=8Q

therefore Xp,,= 2+8 = 10 Q

Xo1)pw = Xau( Q ) x (MVA): / (kV)% = 10 (1 / 4 )= 0.625p.u

secondary side:

the total impedance as referred to the secondary side is X,,= X,+ X;'

X," =X, (kV, / kV,)?=2(2/4)*=0.5Q

therefore X,,= 2+0.5 =2.5Q

(Xo2)pw = Xo2( Q ) x (MVA: / (kV)% = 2.5 (1 / 2 )= 0.625p.u

from eq. a and b, it can be observed that p.u reactance of the transformer referred
to primary side and secondary side is the same, though their ohmic values are
different.

Example 1.3: show that the per unit impedance of a transformer is the same
irrespective of the side on which it is calculated.

Solution:
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Base values:

Let,

(MVA):= rated MVA of the transformer.

(kV,)s= base voltage in the primary side.

(kV,)s= base voltage in the secondary side.

Also, let Z,; be the impedance of the transformer reffered to primary side and Z,,
the impedance as referred to the secondary.

We have,

(Zot)pw = Zot( Q) X (MVA)s / (KV1)seiiiiiiiiiiiiiiiiiineneenn a)
and

(Z02)ow = Zoa(( Q) X (MVA)g / (KV2)%5 veiviriririiiiiiiieiineienannn, b)
where,

Zoo(( Q)=Z0:( Q) X ( (KV2)%/ (KV1)%) tiieiiiiiiiiiiiieiieeens C)

substituting eq. c) in eq. b), we get,

(Zo2)pu= Zos( Q) x ( (kV2)%/ (KVi)%) X ((MVA)s / (kV2)%) = Zu( Q) X (MVA)s /
(kV1)%

(ZOZ)p.u=(Zm)p.u

Thus, it is proved that the per unit impedance of a transformer is the same
whether computed from primary or secondary side.

Example 1.4: three winding transformer has rating as follows:

Primary : Y connected, 6.6kV, 15MVA

secondary: Y connected, 33kV, 10MVA

tertiary : A connected, 2.2kV, 7.5MVA

Leakage impedance measured from primary side as Z,=j0.232 Q , Z, = j0.29 Q
and on the secondary side Z,= j8.7 Q Find the star connected equivalent on a
base of 15MVA, 6.6kV in the primary circuit. Neglect resistances.

Solution:

Base values:

primary side: (MVA)s= 15MVA, (kV,)s= 6.6kV

secondary side: (MVA)s= 15MVA, (kV.)sg= 6.6 x 33 /6.6 =33kV
per unit leakage impedance.

(Zps)pu= Zps(RQ) X (MVA):/(kV,)s*=j0.232 x 15/ 6.6*= j0.08p.u
(Zo)pu= Z(Q) X (MVA)s/ (kV,):?=j0.29 x 15/ 6.6*= j0.1p.u
(Zo)ow= Zo(RQ) X (MVA)s/ (kV.)s*’=j8.7 x 15/ 33%*=j0.12p.u

Therefore,

Z,= Y2 (Zps+Zn- Zs) = V2 (j0.08+j0.1-j0.12)= jO.03p.u

2= "2 (Zps+Zs Z,)= Y2 ( j0.08+j0.12-j0.1)= jO.05p.u

Z=Y2 (Lo + 2,y — Z,s) = V2 (jO.12+j0.1-j0.08)=j0.07p.u

hence, the star connected equivalent circuit is as shown in fig 1.9
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t —*7—;‘;9)
Note:

since the resistances are neglected, the impedances are represented as pure
reactances in the above equivalent circuit.

Example 1.5:

Three generators are rated as follows:

Generator 1 : 100 MVA, 33kV, reactance 10%.

Generator 2: 150MVA, 32kV, reactance 8%.

Generator 3: 110MVA, 30kV, reactance 12%.

Determine the reactance of the generator corresponding to base values of 200MVA,
35kV.

Solution:
Here, the reactances of the generators are specified on the basis of their own rated
MVA and kV. We consider this as old values. Therefore,

(Xg1)pus oa = 10% = 0.1p.u on 100MVA, 33kV old bases

(Xe2)p.ur oa =8% = 0.08p.u on 150MVA, 32kV old bases

(Xg3)pwy os =12% = 0.12 p.u on 110MVA, 30kV old bases

the new base values are 200MVA, 35kV. (Given)

hence using the formula

Ko, new = Xpu,od X ( (MVA)g, new/ (MVA)g0a) X ( (KV)%, 0/ (KV)%, new )

we get,
(Xgl)p-u, new
(Xgl)p-w new
(Xgl)p-w new

0.1 x (200/100) x (33%/352)= 0.1777 p.u
0.08 x (200/150) x (32%/35%)= 0.08916 p.u
0.12 x (200/110) x (30%/35%)= 0.1603 p.u

1.7 Advantages of per unit computations

1) Manufacturers usually specify the impedance of an apparatus in per unit or per
cent value on the base of the name plate rating of the apparatus.

2) The per unit impedance of the same type of machines, may be of different
ratings, lie within a narrow range. However, the ohmic values differ materially for
machines of different ratings. Hence, if the per unit impedance of a generator is
not known, say, then it can be chosen from a set of tabulated values.

3) The per unit impedance of transformer is the same referred to either side of it.
4) The method of connection of transformers (Y-Y, Y- A etc ) do not effect the per
unit impedance of the transformer.
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5) The greatest advantage of using per unit values is that it makes the calculations
relatively easier.

Note:

The per unit systems is not without its drawbacks which include:

1) Some equations that hold in the unscaled case are modified when scaled into
per unit. Factors such as V3 and 3 are removed or added by the method.

2) Equivalent circuits of the components are modified, making them some what
more abstract.

1.8 Per unit impedance and reactance diagrams

In these diagrams, the impedance or reactance of the components are not
expressed in their ohmic values, but in per unit values expressed on a common
base. This greatly simplifies the task involved in analysis.

Procedure to form per unit reactance diagram from one-line diagram.

From a one-line diagram of a power system we can directly draw the p.u
reactance (or impedance) diagram by the following steps given below:

1) Choose a base kilovoltampere (kVA)s or megavoltampere (MVA):. This value
remains the same for all sections of the power system and preferably is the rated
kVA or MVA of one of the electrical apparatus of the system. In case of three phase
power system, the (kVA)s;or (MVA); is the three phase power rating.

2) Select a base kilovolt (kV)s for one section of power system. In case of three
phase power system, the (kV)s is a line value. This should preferably be the rated
KV of the apparatus whose power rating has been taken as the base. The various
sections of the power system works at different voltage levels and the voltage
conversion is achieved by means of transformers. Hence the (kV)s of one section of
the power system should be converted to a (kV): corresponding to another section
using the transformer voltage ratio. In case of three phase transformer (or a bank
of three single phase transformers), line to line voltage ratio is used to transfer the
(kV)s on one section to another.

(kV)s on primary winding of transformer OR (kV)s on primary side of transformer =
(kV)s on secondary winding of a transformer OR (kV)s on secondary side of the
transformer x ( primary winding given voltage rating / secondary winding given
voltage rating)

(kV)s on secondary winding of transformer OR (kV)s on secondary side of
transformer = (kV)s on primary winding of a transformer OR (kV)s on primary side
of the transformer x ( secondary winding given voltage rating / primary winding
given voltage rating)
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3) In the given problem, the impedance of the components of power system are
expressed either in ohms or in p.u which is calculated using the component rating
as the base values. In reactance diagram, the resistance are neglected and
reactances of all components are expressed on a common base. Hence, starting
from one end of power system the reactances of each component should be
converted to p.u reactances on the selected new base.

When the specified reactance of the component is in ohms then,
Xp.u= X( Q) X(MVA)srew/ (KV)% new

When the specified reactance of the component is in p.u on the component rating
as base values, then consider the component rating as old base values and
selected MVA base, calculated kV base values as new bases. Now the p.u reactance
on new base can be calculated using the formula,

Xp.u, new — Xp.u, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )

Example 1.6 : draw the reactance diagram of the system shown in fig. 1.10. the
ratings of the components are

OCT 98, BU

S g B\,

i e T Y

Fig. 1.10

o @—

G: 15MVA, 6.6kV, X" = 12%

T.= 20 MVA, 6.6/66 kV, X=8%
T,= 20 MVA, 66/6.6 kV, X=8%
M, & M,: SMVA, 6.6kV, X"=20%

solution:

Base values:
Let us consider(choose) the ratings of the generator as base values.

Therefore,

base megavoltamperes, (MVA); = 15MVA (this is same for the entire system)
base kilovolt on the generator G, (kV); = 6.6kV
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The various sections of the power system works at different voltage levels. Hence,
the base kilovolts are different in the different sections. The voltage conversion is
achieved by means of transformer voltage ratio.

Base kilovolt on the secondary side of the transformer T, OR base kV on
transmission line section =

base kilovolts on the primary side of the transformer T,x (its secondary winding
voltage rating / its primary winding voltage rating)= 6.6 x (66 / 6.6 ) = 66 kV

Base kilovolts on the secondary winding of the transformer T,=0R base kV on the
motors M; & M, = 66 x (6.6 / 66 ) = 6.6 kV

These values are used as the new values for calculation of p.u reactances of the
different components.

Reactance of generator G:
Xg, new — Xg, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
=j0.12 x (15/15) x (6.6%/ 6.6?%)
=j0.12 p.u
This value is the same as given because, the new base values are selected on its
rating.

Reactance of transformer T,: (calculated primary side)

Xr1, new = X11,00 X ( (MVA)g, new/ (MVA)g ) X (((KV)%, 00/ (KV)% new )
= j0.08 x (15/20) x (6.6*/ 6.6%)
= j 0.06 p.u

Reactance of transformer T,: (calculated secondary side)

X1, new = Xr1, 00 X ( (MVA)g, new/ (MVA)g,00) X ( (kV)ZB, oid/ (kV)ZB, new )
= j0.08 x (15/ 20 ) x (66%/ 667)
=3 0.06 p.u

"It is important to know that, it is confirmed by above calculations, in calculating
reactance of transformer T, that p.u reactance calculated on either side of the
transformer is the same. Therefore we can calculate reactance of the transformer
any side of it considering either primary side of the base kilovolts old and new
values else secondary side base kilovolts old and new values"

Reactance of 60 Q transmission line TL:
Xn=X( Q) x(MVA)s/ (kV)%=j60 x 15/ 66°= j0.207p.u

Reactance of transformer T,: (calculated primary side)
XT2, new — XTZ, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
= j0.08 x (15/ 20 ) x (66%/ 667)

= j 0.06 p.u
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Reactance of transformer T,: (calculated secondary side)

Xrz, nen = Xrz o0 X ( (MVA)g, new/ (MVA)g ) X ( (KV)%, 00/ (KV)%, new )
= j0.08 x (15/ 20 ) x (6.6%/ 6.6°)

= j 0.06 p.u

"calculate reactance of the transformer in p.u at any one side, as we know that p.u
reactance calculated is same on either side of it"

Reactance of motor M;:

XMl, new — XMl,oId X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB,old/ (kV)ZB, new )
=j0.2 x (15/5) x (6.6 / 6.6°)

=3j 0.6 p.u

Reactance of motor M,:

Xuz, new = Xz, od X ( (MVA)g, new/ (MVA)g 0a) X ( (kV)ZB, oid/ (kV)ZB, new )
=j0.2 x (15/5) x (6.6 / 6.6°)

=j 0.6 p.u

as ratings for motor M, & M, are same,

XMl, new =XM2, new=j 0.6 p.u

The reactance diagram is as shown in fig 1.11
J0.06 j0.207 j0.06

|

jo.12

Example 1.7:
Obtain the impedance diagram of the electrical power system shown in fig. 1.12.
Mark all impedance values in per unit on a base of 50MVA, 138kV in the 40 ohm
line. The machine ratings are:

G,: 20MVA, 13.2kV, X"=15%

G,: 20MVA, 13.2kV, X"=15%

M: 30MVA, 6.9kV, X"=20%

Three phase Y-Y transformers: 20MVA, 13.8/138kV, X=10%
Three phase Y- A transformers: 15MVA, 6.9/138kV, X=10%
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Solution: "
Given that to choose:
Base MVA= 50
Base kV on the j40 Q transmission line = 138
We calculate,
Base kV on the generator section G1= 138 x 13.8 /138 = 13.8
base kV on the generator section G2= 138 x 13.8 /138 = 13.8
base kV on the j20 Q transmission lines = 13. 8 x 138 / 13.8 = 138
base kV on the motor section M = 138 x 6.9/ 138 = 6.9

Reactance of j40 ohm transmission line:
XTL1= XTLl( Q ) X(MVA)B/ (kV)ZB= J40 X 50/ 1382= JO-lOSp-u

Reactance of generators G1 & G2:
the generators G, & G, are identical. Hence their p.u reactances are the same.

Xo1,new = Xez, new =Xo1, 06 X ( (MVA)s,new/ (MVA)s,a0) X ( (KV)%6, 06/ (KV)?,new )
= j0.15 x (50 /20 ) x (13.2%/ 13.8?%)
=j 0.343 p.u

Reactance of Y-Y connected transformers:(calculated considering primary winding
old and new base kV values)
The Y-Y connected transformers are all identical.
the same.
XTRI, new — XTRl,old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
=3j0.1 x (50 /20) x (13.8%/ 13.8?%)
=j 0.25 p.u

Hence their p.u reactances are

Reactance of j20 Q transmission lines :

It is observed that both the sections of the j20 ohm transmission lines have the
same values of reactances and same base values. Hence their p.u reactances will
be the same.

Xr2= XTLZ( Q ) X(MVA)B/

(kV)%=j20 x 50/ 138%= j0.053p.u
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Reactance of Y- A connected transformers:(calculated considering primary winding
old and new base kV values)

Since the Y- A connected transformers are all identical. Hence their p.u reactances
are the same.

Xrez, new = X1rz, o X ( (MVA)g, new/ (MVA)g,0a) X ( (KV)%s 0/ (KV)%, new )

=j0.1 x (50 /15 ) x (138%/ 138?)

=3 0.33 p.u

Reactance of motor M:

This motor is connected on to the secondary windings of the Y- A transformers (i.e
Low Voltage side or Low tension side)

XM1, new — XMl,oId X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB,oId/ (kV)ZB, new )

jO.2 x (50 /30 ) x (6.92/ 6.9%)

=30.33 p.u

Thus, the impedance (reactance) diagram of the system is as in fig 1.13
jO.25 70,105 j0.25
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Fig. 1.13

j0.343

Example 1.8:

The one-line diagram of an unloaded generator is shown in the fig 1.14 Draw the
p.u impedance diagram. Choose a base of 50MVA, 13.8kV in the circuit of
generator G1.

f

I
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5001
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A Fig. 1.14
The generators and transformers are rated as follows:
G,: 20MVA, 13.8kV, X"=0.2 p.u
G,: 30MVA, 18kV, X"=0.2 p.u

G,: 30MVA, 20kV, X"=0.2 p.u
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T : 25MVA, Y220 kV/13.8 kV A , X=10%
T, Three single phase units each rated 10MVA, 127/18kV, X=10%
T,=35MVA, 220kV Y/22kV Y, X=10%

solution:

Base values:

given that to choose,

base MVA=50

base kV on the generator G;=13.8

we calculate,

base kV on the j80 ohm transmission line= 13.8 x 220/ 13.8 = 220
base kV on the j50 ohm transmission line=220

base kV on the j100 ohm transmission line=220

(as all the transmission lines are connected to the same bus, so base kV on them is
the same)

base kV on the generator G3= 220 x 22 / 220 = 22

The transformer T, is a three phase bank formed using three single phase

transformers with a voltage rating of 127/18kV. In this, the HT side is star
connected and LT side is delta connected.

Voltage ratio of line voltage of 3-phase transformer bank T,= V3 x 127 / 18 =
220kV/18kV
(as primary winding is star connected V,..=V3 V.., and secondary is A, Vine=V,)

base kV on the generator G,= 220 x 18 / 220 = 18

Reactance of generator G;:

Xe1,new = Xa1, o0 X ( (MVA)g, new/ (MVA)g oa) X ( (kV)ZB, oid/ (kV)ZB, new )
=3j0.2 x (50 /20 ) x (13.8%/ 13.8?%)
=j 0.5 p.u

Reactance of transformer T,: (calculated primary side)

XTl, new — XTl,oId X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
=3j0.1 x (50 /25) x (13.8%/ 13.8?)
=j 0.2 p.u

Reactance of transmission lines:

j80 ohm line,

Xri= Xru( Q ) x(MVA):/ (kV)%= j80 x 50 / 220%= j0.083p.u
j100 ohm line,

Xr= Xm2( Q ) X(MVA)s/ (kV)%= j100 x 50/ 220°= j0.1033p.u
j50 ohm line,

Xrs= Xrs(( Q ) x(MVA):/ (kV)%= j50 x 50/ 220°= jO.0516p.u

SJ PN Trust's Author TCPO4
Hirasugar Institute of Technology, Nidasoshi-591236 | pramod M Vi1
Tq: Hukkeri, Dt: Belgaum, Karnataka, India, web:www.hsit.ac.in Page No. EEE
Phone:+91-8333-278887, Fax:278886, Mail:principal@hsit.ac.in 18 FEB2013



mailto:principal@hsit.ac.in
http://www.hsit.ac.in/

A.Year / Chapter Semester Subject Topic

2013 /1 6 Power system Representation of power system
analysis and components
stability

Reactance of transformer T,: (calculated secondary side)

as this is a bank of three single phase transformers, hence,

base MVA old = 10 x3 = 30

XTZ, new — XT2, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
=j0.1 x (50 / 30 ) x (2207 / 220?%)

= j 0.1667 p.u

Reactance of generator G;:
this is connected to the LT side of T2,
XGZ, new — XGZ, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
=3j0.2 x (50 /20 ) x (182/ 18?)
= j 0.333 p.u
Reactance of transformer T;: (calculated secondary side of it)
Xr3,new = Xr3,00 X ( (MVA)g new/ (MVA)s, aa) X (((KV)%5 0/ (KV)%, new )
=j0.1 x (50 / 30 ) x (222 / 22?)
=3j0.143 p.u
Reactance of generator Gs:
XG3, new — XG3, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
jO.2 x (50 / 30 ) x (20%/ 22?%)
=j 0.275 p.u
Using the above values, the reactance diagram is as constructed in fig.1.15

jo2 jO826  j0.1033  j0.1667

300 L]0
JO.0516
J0.5 j0.143 é Jj0.333
4 j0.275
'El| = C)'E!x
Ell .
Fig. 1.15

Example 1.9:
Fig 1.16 shows the schematic diagram of a radial transmission system. The ratings
and reactances of the various components are shown therin. A load of 60MW at
0.9p.f lagging is tapped from the 66kV substation which is to be maintained at
60kV. Calculated the terminal voltage of the machine. Represent the transmission
line and transformer by series reactances only.

11/220KV 220/66KV  6OKV
a . L GoMW,
b 09p lag
V, 100MVA 100MVA  V,
X=10% X=8%
Fig. 1.16
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let us choose the base MVA throughout the system be 100
choose the base kV in the transmission line j150 ohm = 220
we calculate,

base kV on the load= 220 x 66 / 220 = 66

base kV on the generator side = 220 x 11 / 220 = 11

Reactance on 11/220kV transformers:(calculated secondary side of it)
Xr1, new = X11,00 X ( (MVA)g new/ (MVA)5 aa) X (((KV)% 00/ (KV)%s new )
= jO.1 x (100 / 100 ) x (220%/ 220?)
=j 0.1 p.u
Reactance of j150 ohm transmission line:
Xn= Xn( Q) X(MVA)s/ (kV)%= j150 x 100/ 220%= jO.31p.u

Reactance on 220/66kV transformers:(calculated primary side of it)
XTZ, new — XT2, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )

= j0.08 x (100 / 100 ) x (220%/ 220%)

=3 0.08 p.u

Impedance of load:

The exact value of the impedance of the load is not required in this problem.
However, if inevitably to calculate, then it can be determined using the formula,
Z= |V.|*/ (P-iQ)

where,

V. =voltage at the terminals of the laod

P=active component of the power at the load

Q=reactive component of the power at the laod.

Hence,
the reactance diagram of the system is as shown in figl.17
0.1 j0.31 70.08
) I (GO0
_....._’
3 I
Ve Yi HLOAD
. l !
h 4 E
Fig. 1.17

Terminal voltage of the machine:

Let V,=terminal voltage of the machine

V. =load voltage

I.=load current

V. =60kV= 60kV/66kV = 0.909p.u

IL=(P / (V3 xV.Cosp)) «-cos¢p

I,=((60%x10°) / (V3 x60x10%x0.9)),-cos'0.9

[,=641.5 ,-25.48° A

for computation, the value of I, should be in p.u. Hence, first we determine the
base current I
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I,=( 1000 x (MVA); ) / (V3 x (kV)s)= (1000 x 100) / (V3 x66)= 874.77 A
therefore, Iin p.u =1,/1;=641.5 ,-25.48° / 874.77 = 0.7334-25.48° p.u
from fig 1.17 it can be observed that,

(VGt)p.u = (VL)p.u + I, ( XT1+XTL+XT2)
=0.909+0.733£-25.48°(j0.1+j0.31+j0.08)
=0.909+0.359,64.16°
=0.909+0.156+j0.323
=1.065+j0.323
=1.112,16.87° p.u

therefore,

Ve in kilovolts=(Ve),. X base kV on the generator=1.112x11=13.232kV

|Ve|=12.232kV

this is the desired answer.

Example 1.10:

A 300MVA, 20kV, 3¢ generator has a reactance of 20%. The generator supplies
two motors M1 and M2 over a transmission line of 64km as shown in one line
diagram.

s |saE o wa r{%‘r’ﬂ,
@ s +

o ?% v éﬂ —
)y f I Fig. 1.18

The ratings of the components are as follows:

T,: 350 MVA, 230KV-Y/20KV-A, X=10%

T.: L=64Km, X;.= jO.5Q/Km.

T,: Composed of three single phase transformers each rated 127/13.2 KV, 100
MVA with leakage reactance of 10%.

M,: 200 MVA, 13.2 KV, X"= 20%

M,: 100 MVA, 13.2 KV, X"= 20%

Select the generator ratings as the base & draw the reactance diagram with all
reactance’s marked in p.u. If the motors M; & M, have inputs of 120 MW & 60 MW
at 13.2KV and operate at upf, find the voltage at the terminals of the generator.

Solution:

base values:

given that to choose base MVA=300

base kV on the generator =20

base kV on the transmission line = 20 x 230/ 20 = 230
base kV on the motors= 230 x 13.2 / (127V3) =13.8

Reactance of generator G:
XG, new — XG, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
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= j0.2 x (300 / 300 ) x (20%/ 20%)
=j0.2p.u

Reactance of transformer T,: (calculated considering secondary side of it)
XTl, new — XTl,oId X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )

= jO.1 x (300 / 350 ) x (230%/ 230?)

= j 0.085 p.u

Reactance of transmission line TL:
Xrinew= X1( Q ) X(MVA):/ (kV)%= (jO.5 x 64) 300/ 220°= j0.181p.u

Reactance of transformer T,: (calculated considering primary side)
Xrz, new = Xrz,00 X ( (MVA)g, new/ (MVA)s, aa) X ( (KV)%5 00/ (KV)%, new )
=j0.1 x (300 /300 ) x ((127V3)?/ 230?)
= j 0.09 p.u

Reactance of generator M;:

XMl, new — XMl,oId X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB,old/ (kV)ZB, new )
= j0.2 x (300 /200 ) x (13.2%/ 13.8%)
=3j 0.274 p.u

Reactance of generator M,:

Xmz, new = Xuz,od X ( (MVA)g new/ (MVA)s oa) X ( (kV)ZB, oid/ (kV)ZB, new )
= j0.2 x (300 /100 ) x (13.2%/ 13.8%)
= j 0.549 p.u

The reactance diagram is as shown in fig 1.19

0.085 j0.181 0.09
W[l iy 000

Fig. 1.19

Let,

Vw.=terminal voltage at the motor ends.

Ve=terminal voltage of the generator.

The total electrical power that flows into the motors is,
P=120+60=180MW at 13.2kV, upf.

Therefore,

the current drawn by the motors,

I.= (180 x 10°) / (V3 x13.2x 10°x1)=7873 A

it is required to express the current in p.u. Hence, the base current I;=
(1000x300) / (V3 x13.8) =12551A

therefore,
I.in p.u=I,/1,=7873/12551=0.6270°p.u
= = S JP N Trust's Author TCP0O4
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also,
Vaein p.u= 13.2,0°/13.8=0.96.0° p.u
from fig 1.19

it can be observed that,

(VGt)p.u = (VMt)p.u + I ( XT1+XTL+XT2)
=0.96.0°+0.627(j0.085+j0.181+j0.09)
=0.96.0°+j0.223
=0.986,13.07°

therefore,

[Ve|=|Ve in p.u|x20kV=0.986%x20=19.72kV.

1.9 Node Equations and Bus Admittance Matrix

The junctions formed when two or more elements (R, L, C etc) are connected
are called Nodes. In a power system network, the buses can be treated as nodes
and the voltages of all buses (nodes) can be solved by using the conventional
nodal analysis.

Let us consider an example of equation formulation by nodal analysis
method. The circuit of fig.1.20 contains four independent nodes(buses) as shown
by the circled 1,2,3 and 4. These nodes are called major or principal nodes. The
node O, with respect to which all voltages are measured is called as the reference
node.

= = {__i = =
@ ,_-_*-.s__jJ @ fj @ {.3'*3_..1 @
R \
@ [ [ e =0
e e
-

Fig. 1.20

Let V,, V,, V5 & V, be the voltages at the respective nodes(buses). The admittances
are marked as shown.
At node-1,
I1=(Vl‘V3)Y13+(V1'V2)Y12+V1Y1o
=(Y1o+Y12+Y13)V1'Y12V2'Y13V3
=YuVi+YLVo+YsVa+ YV i, 1.13
where,
Yii=Yio+YiatVYis
Y12='Y12
Yi3=-Y13
Yu=0 1.14
(Here y,, is the shunt charging admittance at node-1). Similarly, we can formulate
nodal current equations at other nodes as,
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L=YuVi+Y,Vo+YsVe+YuVe e 1.15
L=YauVi+YVot+YssVa+YauVe 1.16
L=YuVi+YLVot+YsVa+YuVe oo 1.17

these equations can be written in a matrix form as follows:
L] [ K2 hs Mall W
I| [Ya Y2 Yos Y ||V
I |Ya Y2 Yoy Yo || Vs
Igf [Yn Yo Yo YallYa
.................. 1.18
or in @ more compact form, the above equations can be written as
I=Y Vo 1.19
The Y matrix above is designed as Yss, and is called as bus admittance
matrix. The node voltages are called bus voltages in power system analysis.
Thus, the performance equations 1.19 can be written as,
I=Yaus V oeviiiiinnnn, 1.20
For the four node system considered above, the Ygis is (4%x4) matrix. In
general, for a n-node(bus)system, the Y is a (nxn) matrix where n is the number
of buses, for a n-bus system
Bus admittance matrix,

(Y1 Y2 N3 - - Y
¥y Yo Y3 — - Iy
g 5 e y —— Iy
BUS =
_},{JI }';,2 Yr!li = Ynn_
.................. 1.21
Each admittance Y; (i+1,2,3,..cccccvviinnnn... n) is called the self admittance (or

driving point admittance) of node 1 and equals the algebraic sum of all the
admittances terminating on the node .(Refer eq. 1.14). Each off-diagonal term Y,
(i, k=1,2,3..... n) is the mutual admittance(or the transfer admittance) between
nodes i & k and equals the negative of the sum of all admittances connected
directly between these nodes. Further, Y=Y, (Refer eq. 1.14)

Thus, as seen above, Ygs is @ symmetric matrix (except when phase shifting
transformers are involved, this case is not considered here). Furthermore, Y, =0 if
the buses i & k are not connected (eg. Y,,=0). In a large power network, each bus
(node) is connected only to a few other buses (usually to three or four buses),
thus, the Ygs of a large network is very sparse i.e it has a large number of zero
elements. (this may not be evident in a small system like the sample system of fig
1.20). In a large system consisting of 100 nodes, the non-zero elements may be as
small as 2% of the total elements. This greatly reduces the numerical
computations required for analysis. Bus admittance matrix is often used in solving
load flow problems. It has gained widespread application owing to its simplicity of
data preparation & handling.

1.10 Formation of Ygys by inspection
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There are different techniques of assembling the Yz, hamely the method of
singular transformation (MST), the K. Nagappan style and others. Here we confine
ourselves to the inspection method only. Accordingly, the admittance matrix may
be assembled as
i)The diagonal element of each node is the sum of the admittance connected to it.
ii)The off-diagonal element is the negated admittance between the nodes.

Example 1.11:
Find the bus admittance matrix for the circuit shown in fig.1.21

i0.250
J0.25 ©)

0250
Q ‘mm @ T

2A EHU fite

gﬂu ®

Fig. 1.21

solution:

There are three major nodes in the circuit shown. Using the inspection method, we

can write,

Y,,=j(14+0.25)=j1.25 mho

Y,,=j(0.25+1+0.25)=j1.50 mho

Y5=j(1+0.25)=j1.25 mho

Y,=Y»=-j0.25 mho

Y,:=Y:,=-j0.25 mho

Y:=Y3=0 (As they are not directly connected.

Thus, the bus admittance matrix of the system is,

j125 -j02s 0

-j0.25  j1.80 jO.QS]

0 -j025 j125

Vaus =

Example 1.12:

Determine the Ygs for a four bus transmission line system the bus diagram of
which is as shown in fig 1.22. The impedances and line charging admittances are
as tabulated.

[LINE [BUS-CODE | IMPEDANCE, | LINE CHARGING -
NO. | pr z, | ADMITTANCE FOR
: EACH LINE, y,2
HEE j0.20 i0.04
2 | 2-4 i0.25 0.05
3| 34 0.15 0.03
4 | 3 0.10 i0.02
5 | 2-3 030 0.06
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@ ;Fmt%%% %mm(@

S jo.05
1= ——1n
j(‘:“lé {3@ @?‘52 g j0.25
i) — ,gf‘é’ 5
j0.02 7%
® j0.15 | @
0037 40.03
Fig. 1.23
Solution:
including the line charging admittances, the equivalent circuit is as shown in the
fig.1.23

The series components are marked with their impedance values, whereas the
shunt values are marked with their admittance values.

Hence,

Y= (1/j0.2)+(1/j0.1)+j0.04+j0.02= -j14.94
Y,,=(1/j0.2)+(1/j0.3)+(1/j0.25)+j0.04+j0.06+j0.05= -j12.18
Y3=(1/j0.1)+(1/j0.3)+(1/j0.15)+j0.02+j0.03+j0.06= -j19.89
Y.,=(1/j0.25)+(1/j0.15)+j0.03+j0.05= -j10.58

Y=Y5= -(1/j0.2)=j5

Yis=Y5= -(1/j0.1)= j10

Y14=Y41=0

Yi=Y5= -(1/j0.3)=j3.3

Yu=Ys,= -(1/j0.25)=j4

Y3::=Ys= -(1/j0.15)= j6.67

Thus,

the Ygys of the transmission system is:
-j14.94 j5 j10 0
J5 -j12.18  j3.3 j4
Jj10 j3.3 -j19.89 j6.67
0 j4 J6.67 —jl10.58

Ypus =

Example 1.13:

Find the bus admittance matrix of the system shown in fig. 1.24. Given that all the
lines are characterized by a series impedance of (0.1+j0.7) ohm/km and a shunt
admittance of j0.35x10° mho/km. Using base values of 220kV and 100MVA,
express all impedances & admittances in p.u.

T T 100 km B

110 km

100 km
el SR s s
® Fig. 1.24 @
Solution:
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First, we find the total series impedance of the line. Then express it in p.u using
the formula,

Z,.= Z(Q)x(MVA):/ (kV)Z%.

Here,

it is given that (MVA)s = 100

and (kV)%=220kV

then,

find the series admittance of the line.

Next,

the total shunt admittance of of the line is estimated.
Then,

it is expressed in p.u using the formula,

Y,.= Y(mho)x(kV)%/(MVA)s

Carefully note that if y,. is the shunt admittance(line charging admittance) of the
line,

then it should be divided as y,/2 at both the ends of the line as shown in fig. 1.25

?ﬁrﬂ:—ij:yw

Fig. 1.25
These are tabulated as follows:

" [TOTAL SERIES] TOTAL SERIES [TOTAL SERIES | TOTAL SHUNT [TOTAL SHUNT |
RUS.CODE! IMPEDANCE | IMPEDANCE | ADMITTANCE | ADMITTANCE | ADMITTANCE
NQ IN . INpu. _INT IN p.u.
1.2 104{70  [D.02066+{0.1446 | 0.96846.77 | [350x10° 00,1694
13 1477 | 002340050 | 089616 | j38Sxi0” i0.1863
14 (54105 | 003140217 | 06454452 | 525x10” j0.2541
24 10470 [002066+0.1446 | 09684677 | jasOx1c” i0.1694
34 12484 |0.02484i0.1736 | 08064565 | 20’ j0.2033

The equivalent circuit depicting the shunt admittances and series admittance is as
shown in fig. 1.26

jo.0847 il [ . ;I; j0.0847

ai (N968-i6.T7) | @
| o e
I j0.0847

(0.89-j6. lt’.)“ 7] {0.968-46.77)

j0.093 §0.0847
L . 1

@ (0.806-j5.65) | @

T et T jo.1
Fig. 1.26

Hence,

Y.:=(0.968-j6.77)+(0.89-j6.16)+(0.645-
j4.52)+j0.0847+j0.127+j0.093=(2.5=j17.145)p.u
Y.,=(0.968-j6.77)+(0.968-j6.77)+j0.0847+j0.0847=(1.936-j13.37)p.u
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Y3;=(0.89-j6.16)+(0.806-j5.65)+j0.093+j0.1=(1.696-j11.617)p.u
Y..=(0.645-j4.52)+(0.968-j6.77)+(0.806-j5.65)+j0.0847+j0.127+j0.1=(2.419-
j16.63)p.u

Y,=Y5= -y;,= (-0.968+j6.77)p.u

Yi3=Y5= -ys= (-0.89+j6.16)p.u

Yu=Yu= -Yiu.= (-0.645+j4.52)p.u

Y3=Y3= -y;»= 0

Yu=Yp= -yu= (-0.968+j6.77)p.u

Y3=Y;= -y,= (-0.806+j5.65)p.u

Thus, the bus admittance matrix of the system is:

25-j1745 0,968+ /6.7 -0.894 j6.16 -0.645+ j4.52]

-0.968+ j6.77 1,936 /13.37 0 -0.968+ j6.77

-0.89+4 j6.16 0 1.696- 11.617 0,806+ 5.65
0.645+j4.52 -0.968+ /6.7 -0.806+5.65 2.419-j16.63

Yays =

Additional Examples:
Example 1.18:
A d.c series motor rated at 220kV, 100A has an armature resistance of 0.15 ohm
and field resistance of 0.2 ohm. The friction and windage loss is 1650W. Calculated
the efficiency of the machine. Use per unit system.
Solution:
Base values:
base kV=0.22
base current= 100A
hence,
the base power=220x100=0.022MVA
base MVA=0.022
The total resistance of the machine=R=0.15+0.2=0.35 ohm
Ryv= R(Q)x(MVA):/ (kV)Z%.
= 0.35%0.022 / 0.22°=0.159p.u
At rated load, the copper loss of the machine in p.u is
I..°R,. =(100/100)?x0.159=0.159p.u
Friction and windage loss in p.u is =1650/ (220x100) = 0.075p.u
Hence,
the total loss= 0.159+0.075=0.234p.u
Let the rated output be 1p.u
therefore,
the efficiency=1/(1+0.234)=0.81p.u

Example 1.19:

A 100 MVA, 33kV, 3¢ generator has a sub-transient reactance of 155. The
generator is connected to the motors through a transmission line and transformers
as shown in fig 1.48. The motors have rated outputs of 30MVA, 20MVA and 50MVA
at 30kV with 20% subtransient reactance each. The three-phase transformers are
rated 100MVA, 32kV A/100kV Y with leakage reactance of 8%. The line has a
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reactance of 50 ohm. Selecting the generator rating as the base in the generator
circuit, draw the p.u reactance diagram.

T T _{iﬁ)
—f——f—
L AT g
Fig. 148
Solution:
base values:

given that to choose,

base MVA= 100

base kV on the generator side= 33kV

we calculate,

base kV on the transmission line=33%x100/32=103.125
base kV on the motor side=103.125%x32/100=33
Reactance of generator G:

Xc=15%=j0.15p.u

Reactance of transformers T,& T,: (calculated considering primary side of T,)
since the two transformers are one and same, their p.u reactaces are also the
same.
XTl, new =XT2, new — XTl, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
= j0.08 x (100 /100 ) x (100?/ 103.125%)
=3 0.075 p.u

Reactance of transmission line :
Xripo= Xn( Q) X(MVA)s/ (kV)%= j0.50%100 / 103.125%= j0.47p.u

Reactance of generator M;:

X1, new = Xus,od X ( (MVA)g new/ (MVA)s oa) X ( (kV)ZB,oId/ (kv)zs, new )
= j0.2 x (100 / 30 ) x (30%/ 33?)
= j 0.5509 p.u

Reactance of generator M,:

XMZ, new — XMZ, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
=j0.2 x (100 /20 ) x (30%/ 33?)
= j 0.8264 p.u

Reactance of generator Ms:

XM3, new — XM3, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
= j0.2 x (100 / 50 ) x (30%/ 33?)
= j 0.3305 p.u

Using the calculated per unit values of reactances, the p.u reactance diagram is
drawn as shown in fig.1.49
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Fig. 1.49
Example 1.20:

The three parts of a single phase electric system are designated A,B,C and are
connected to each other through transformers. The transformers are rated as
follows:

A-B 10MVA, 13.8-138kV, leakage reactance 10%

B-C 10MVA, 69-138kV, leakage reactance 8%

if the base in circuit B is chosen as 10MVA, 138kV, find the p.u impedance of the
300 ohm resistive lead in circuit C referred to circuit C, B and A. Draw the
impedance diagram of the system. Determine the voltage regulation if the voltage
at the load is 66kV with the assumption that the voltage input to circuit A remains

constant.
1-10.

— —_— — — —_— 2.] S—
. “ ; ” i %30@0
o Fig. 1.50 o
Solution:
base values:
it is given to chose,
base MVA=10

base kV on circuit B=138

we calculate,

base kV on circuit A=138%x13.8/138=13.8

base kV on circuit C=138%x69/138=69

p.u reactance of the load connected in C=300x(MVA):/
(kV)%:=300%10/69%=0.63p.u

load impedance as referred to circuit B=300x1382%/69°=1200 ohm

load impedance in p.u as referred to B=1200x10/138%=0.63p.u

similarly,

load impedance as referred to circuit C=1200x13.8%/138%=12 ohm

load impedance in p.u as referred to C=12x10/13.82=0.63p.u

it can be observed that the p.u impedance of the load referred to any part of the
system is the same. The impedance diagram of the system is as shown in fig 1.51
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voltage at the load, V,=66kV/69kV=0.957 p.u

load current, 1,=0.957/0.63=1.52p.u

Voltage at input,

V,=1,(j0.1+j0.08)+VO0
=(1.52%j0.18)+0.957=j0.2736+0.957=0.957+j0.2736=0.995,15.95°

therefore,

percentage regulation=((|Vi|-|Vo|)/ |Vo|) x100=((0.995-

0.957)/0.957)x100=3.97%

Example 1.21:

Fig 1.52 shows the one-line diagram of a simple four bus system. Table below
gives the line impedances identified by the buses on which these terminate. The
shunt admittance at all buses are negligible.

i)Find Ygys assuming that the line shown in dotted is not connected

ii)Find Ygys if the line shown in dotted is connected.

__LINE R, p.u. X, pu.
1-2 0.05 0.15
1-3 0.10 0.30
2-3 0.15 045 .
2-4 0.10 0.30
3-4 0.05 0.15

Solution:
we need the admittance values to compute the Ygs. Hence we construct the
following admittance table of the system (taking reciprocals of the impedances).

LINE G, p.u B, p.u.

1-2 2.0 -6.0

1-3 1.0 -3.0

2-3 0.666 =20

2-4 1.0 -3.0

3-4 20 -6.0

S JP N Trust's Author TCPO4
Hirasugar Institute of Technology, Nidasoshi-591236 | pramod M Vi1
Tq: Hukkeri, Dt: Belgaum, Karnataka, India, web:www.hsit.ac.in Page No. EEE
Phone:+91-8333-278887, Fax:278886, Mail:principal@hsit.ac.in 31 FEB2013



mailto:principal@hsit.ac.in
http://www.hsit.ac.in/

A.Year / Chapter Semester Subject Topic

2013 /1 6 Power system Representation of power system
analysis and components
stability

i) with the dotted line unconnected, the equivalent circuit is as shown in fig 1.53

@ @
Pl
(153) @é’#’ 143
| S |
@ 246) @
Fig. 1.53

Y:=(1-j3)
Y,,=(0.666-j2)+(1-j3)=(1.666-j5)
Y3=(1-j3)+(0.666-j2)+(2-j6)=(3.66-j11)
Y=(2-16)+(1-j3)=(3-j9)
Y:2=Y»=0

Yi:=Y5= -(1-j3)= -1+j3
Y14=Y41=0

Y.:=Y35= -(0.666-j2)= -0.666+j2
Yu=Ys= -(1-j3)= -1+j3

Yu=Y;= -(2-j6) = -2+j6

hence,

the Ygys of the system is,

(1-43) 0 (<14 43) 0
0 (166-j5) (-0.666+j2) (-1+j3)

YBUS =1 (Lyyj3) (-0.666+j2) (366-711) (<24 ]6)
0 (H4j3)  (-24j6)  (3-j9)
if) with the dotted line connected, the equivalent circuit becomes as in fig 1.54

(246)

(1-§3)

@ (216) @

Fig. 1.54

only the following changes due to the inclusion of the line.
Y:=(1-j3)+(2-j6)=(3-j9)

Y»=(2-j6)+(0.666-j2)+(1-j3)=(3.666-j11)

Y=Yu= -(2-j6) = -2+j6

all other values remains the same as in previous case. Hence the Ygs is,

[(3-j9) (-24j6) (-1-43) (]

Yisie (=2+/6) (3.666-/11) (-0.666+2) (-1+/3)

o=

BUS | (-14/3) (-0.666+2) (3.66-/11) (~2+,6)
G (~1+3) (-2+j6) (3- ju)J
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2.1 Introduction

A fault in a power system is any failure which interfere with the normal
operation of the system. Short circuit between lines, insulation failure of
equipments or flashover of lines initiated by a lightning stroke are the main causes
for these faults.

The faults occurring in a power system can be broadly classified into
symmetrical faults and unsymmetrical faults.

In the case of symmetrical faults (a symmetrical short circuit involving all the
three phases), the fault current is the same in all the three phases and hence the
system remains balanced even after fault occurrence. Therefore, the symmetrical
fault conditions can be conveniently analyzed on a single phase basis. On the other
hand, the fault current is not the same in all three phases in the case of an
unsymmetrical fault. Hence, such fault conditions cannot be analyzed on a single
phase basis. Special tools line symmetrical components are used in such situations.

This chapter is concerned for the study of symmetrical faults short circuits. A
knowledge of expected system short circuit is essential in the economic planning &
design of the power system. These studies provides the engineer with information
by which he can design to assure the prompt disconnection of faulted equipments
with a minimum damage and a minimum of disturbance to the operation of the
remaining system. We start with the discussion of the transients that occur in three
phase synchronous machine due to a sudden short circuit at its terminals, when
the machine is on no-load and on constant excitation.

2.2 Symmetrical short circuit of a synchronous Generator (on No-
load)

A synchronous generator consists of an armature winding wound
symmetrically for all the three phases on the stator and a field winding wound on
the rotor. Also on the field structure are placed the damper windings which are
shorted on themselves at both ends. The field winding is excited by direct current.
When the rotor rotates, the armature winding(being stationary) is cut by the
magnetic flux of the field winding, hence three phase alternating emfs are induced
in the armature windings. In turn, alternating three phase currents are set up in
these windings. These produces a rotating magnetic field which rotates at
synchronous speed in the air gap.

The field structure rotates at synchronous speed along with the rotating
magnetic field produced by the armature winding. During normal operating
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conditions, the field produced by the armature currents will be relatively stationary
with respect to the field and damper windings. Hence the rotating magnetic field
will not induce any voltages and currents in the field and damper windings during
normal operating conditions.

But, when the alternator suddenly undergoes a symmetrical short circuit
under constant excitation, the short circuited armature current changes from zero
to a very high value in all the three phases. The armature current will have an a.c
component as well as an offset d.c component in each of the three phases. A good
way to analyse the effect of the three phase fault is to take an oscillogram of the
current in one of the phases upon the occurrences of such a fault. The offset d.c
component of the short circuit current will be different in each phase and hence is
accounted separately on an empirical basis.

In the absence of the offset d.c component, the symmetrical short circuit
current in any phase will be as shown in fig 2.1. This current will be similar in all
the three phases except for a phase angle difference of 120 degree electrical.

f;- Subtransient state
r—— Transient state =

- S Pt Z ------- ] e Steady stale
e 4
B
(] ]
l

irrent ——
TN
==ty
=

Symmetrical short circuit curre

birme — -

Fig. 2.1

The armature current during symmetrical short circuit can be divided into
three regions namely the subtransient, transient, and steady state region. We
account for the gradual decrease of current in the following paragraphs.

Under steady state short circuit conditions, the armature reaction of a
synchronous generator produces a demagnetizing flux. This effect is represented
as a reactance called armature reaction reactance X.,. The sum of leakage
reactance X, and the armature reactance X, is called the synchronous reactance X..
In case of salient pole machines the synchronous reactance is called direct axis
reactance and denoted by X,. Neglecting the armature resistance, the steady state
short circuit model of an alternator on a per phase basis will be as shown in fig. 2.2
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In this case, the direct axis synchronous reactance is given as
Xa=XiHXs o, 2.1

At the instant of short circuit, the offset d.c current appears in all the three
phase of the stator. This transient d.c current will induce currents in the rotor field
winding and damper winding by transformer action. The induced currents in these
two windings will be in such a direction as to oppose the change of magnetic flux
produced by the armature. This effect can be represented by two reactances in
parallel with X, as shown in fig 2.3. Here X; is the reactance of the field winding and
X the reactance of the damper winding.

Short
circuil

The combined effect of all the three reactances is to reduce the total
reactance of the machine and so the short circuit current is very large in this period
called as the sub transient state.

The total reactance of the machine under this condition is called as the sub
transient reactance X;” and is given by
X" =X+(1/ ((1/ X)+(1/ X)+(1/ Xaw))) v, 2.2

The induced currents in both the field and damper windings decrease
exponentially depending on their time constants (=L/R). The time constant of
damper winding is much less than the time constant of field winding. Hence the
induced currents in the damper winding dies very fast within the first few cycles
effectively X,, becomes open circuited and the resulting reactance is called as
transient reactance X,'. The transient state model of the alternator is shown in fig
2.4
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Short
circuit

Fig. 2.4
From the figure, it can be observed that
Xa'=X+(1/ ((1/ Xo)+(1/ Xe))) o 2.3

The effect of field winding current will also die out in a short time depending
on the time constant of the field winding. This effect is equivalent to open circuited
X:and thus the armature regains its normal synchronous reactance Xd. (fig 2.2)

From equations 2.1, 2.2 & 2.3, we can observe that the subtransient
reactance of the machine is the smallest and steady state reactance of the machine
is highest among the reactances. Therefore, X,"<X;'<Xs.

The various reactances of the synchronous machine can be estimated from
the oscillogram shown in fig 2.1. The envelope of the current wave during transient
period can be extrapolated backwards in time to meet the y-axis at point-b.
Similarly the envelope of the current wave during steady state period can be
extrapolated backwards in time to meet the y-axis at point a.

Let

|I|=RMS value of steady state current

|I'| =RMS value of transient current excluding d.c. component

|I”| =RMS value of subtransient current excluding d.c. Component
from the oscillogram of fig 2.1, we get

|I|=0a/V2; |I'|=0b/V2; |1”|=0c/V/?2
therefore,

Xa"=E/|1"| = Eo/(0C/V2) iviiriiiiiniannn, 2.4

Xo'=E/|I'l = E/(0b/V2) iiiiiiiiiiiininnen. 2.5

Xe=E/|I| = Eo/(0a/V2) vriiiiiiiiiiiinnn. 2.6

2.3 Short circuit of a loaded synchronous Generator

Our analysis all along had been for a synchronous generator operating on no-
load. In practice before short-circuit, the generator would mostly be on load. The
determination of short circuit currents when the machine is on load involves the
determination of internal voltages behind subtransient, transient and steady state
reactances. These are the voltages obtained by adding vectorially the subtransient,
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transient and steady state reactance voltage drops respectively due to the load
current I, to the terminal voltage V. Hence

E"=VALGX")  coervrvrereneeanns 2.7
E=VAHLGXS)  cevevreeeeennenn, 2.8
VAR 116> @ NN 2.9

The circuit models of the synchronous generator under the aforesaid
conditions is as shown in fig 2.5a, 2.5b and 2.5c.

(72aE I, BEE
X3 ‘ Xy X4 I
(; ] ! 1’
g () ba (o E, (-,
e k

I '
(a) (h) ©
Fig. 25

The synchronous motors have internal emfs and reactances similar to that of
a generator except that the current direction is reversed. During short circuit
conditions these can be replaced by similar circuit models as shown in fig 2.5
except that the voltage behind the subtransient, transient and steady state
reactance is given by

En=V-LGX")  tereeeeeeeeaaanens 2.10
En'=V-LGXe)  eeeeeeeeeieeiiinns 2.11
En=V-I(Xe)  eeveeeeeeeeeneenens 2.12

2.4 Analysis of three phase symmetrical faults

The symmetrical fault can be analysed on single phase basis using reactance
diagram or by using per unit reactance diagram. The symmetrical fault analysis has
to be performed separately for subtransient, transient and steady state conditions
of the fault, because the reactances and internal emfs of the synchronous
machines will be different in each state. Once the per unit reactance diagram of the
power system is formed for a particular state (subtransient/transient/steady state)
of fault condition, then the currents and voltages in the various parts of the system
can be determined by any one of the following method:
i)Using Kirchoff's laws
ii)Using Thevenin's theorem.
iii)By forming the bus impedance matrix.

The first two methods are discussed in this chapter.
Symmetrical fault analysis using Kirchoff's laws.
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The following procedure can be followed to directly calculate voltages and
currents during symmetrical fault condition in a power system, using Kirchoff's
laws,

i) Select appropriate base values and determine the prefault condition
reactance diagram of the given power system. (The prefault condition reactance
diagram is separately formed for subtransient, transient and steady state condition
of the fault).

i) Calculate the internal emfs of the synchronous machines and the prefault
voltages at the fault point using prefault current. (load current).

Note: If the power system is unloaded (i.e if there is no prefault current), then the
prefault voltage at the fault point is 1 p.u. Also the internal emfs for subtransient
and transient state are the same as steady state induced emf.

iii) Draw the fault condition reactance diagram of the system. This diagram is
same as prefault reactance diagram except that the fault is represented by a short
circuit or by the specified fault impedance. The currents in this reactance diagram
are fault condition currents.

4) Calculate the p.u value of the fault currents in various parts of the system
and at the fault point.

5) The actual values of the fault currents are obtained by multiplying the p.u
values by the respective base currents.

Symmetrical fault analysis using Thevenin's theorem.

The following procedure can be followed to calculate the voltages and
currents during symmetrical fault using Thevenin's theorem.
1) Select appropriate base values and determine the prefault condition
reactance diagram of the given power system.
2) Calculate the prefault Thevenin's voltage at the fault point using the prefault
current(load current). If the system is unloaded, then the prefault voltage is 1p.u.
3) Determine the Thevenin's impedance of the system at the fault point by
shorting all voltage sources.
4) Draw the Thevenin's equivalent at the fault point. Then the p.u value of fault
current is given by I;=V./(Zw+Z:). Multiplying the p.u value by the base value
gives the actual value of the fault current. Here, Z; is the fault impedance of the
system. For a solid three phase short circuit, Z;=0
5) The fault current in other parts of the network are determined from the
knowledge of change in current due to fault and prefault current. The fault current
(i.e post fault current) in any part of the system is given by sum of prefault current
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and change in current due to fault. The change in current due to fault can be
estimated by connecting the Thevenin's source with reversed polarity at the fault.
Replace all other sources by zero values sources. Now the currents in various part
of the system are the change in currents due to fault. These currents are calculated
using any conventional technique.

Example 2.1:
For the radial network shown in fig. 2.6, a three phase fault occurs at F. Determine
the fault current and the line voltage at 11kV bus under fault conditions.

I0MVA & 5y TOMVA
15% reactance's ’5) ((TED 12.5% reactance
1 kV — J — bl

J T, : 1OMVA, 10% reactance, 11kV/33kV

opm
OH Line : 30 km, z = (0.27+}0.36) £ /km

Fg%{ T, : SMVA, 8% reactance, 33KV/6.6kV

BB AN ————f——
z = (0.135+j0.08) O /km

et
¥

3 km cable

Fig. 2.6

Solution:

Base values:

Let us choose,

base MVA=100

base kV in the overhead line=33

we calculate,

base kV on the generator side=33x11/33= 11
base kV on the cable side=33x%x6.6/33= 6.6

Reactance of generator G;:

XGl,new = XGl, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
= j0.15 x (100 /10 ) x (112 / 11?)
=j1.5p.u

Reactance of generator G,:
XGZ, new — XGZ, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
=j0.125 x (100 /10 ) x (11%?/ 11?)

=j1.25 p.u
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Reactance of transformer T,: (calculated secondary side it)HV or HT
Xr1, new = X11,00 X ( (MVA)g new/ (MVA)s ) X (((KV)% 00/ (KV)%5 new )
= j0.1 x (100 / 10 ) x (33%/ 33?)
=j 1.0 p.u
Reactance of transformer T,: (calculated primary side of it)HV or HT
X1z, new = X12,00 X ( (MVA)g, new/ (MVA)g,0a) X ( (kV)ZB, oia/ (kV)ZB, new )
= j0.08 x (100 /5) x (33%/ 33?)
=j 1.6 p.u
Impedance of O.H line:
Zonpus= Zon( Q) X(MVA)sen/ (KV)%
= (30 x(0.27+j0.36)) x 100 / 332
= 0.744+j0.99 p.u
Impedance of cable:
Z=Z Q) x(MVA)gen/ (kV)%
= (3 x(0.135+j0.08)) x 100/ 6.6
= 0.93+j0.55 p.u
the prefault impedance diagram of the given system is as shown in fig. 2.7

11kV BUS i1.0  (0.744+0.99) i'6  (093+j055) f
§0.9¢ F
— rm\,_£—_l—,_1

Vi

l

Fig. 2.7

Since the system is unloaded prior to occurrence of fault, Vs is assumed as
1p.u. Thevenin's theorem is employed here to find the fault current.
Vm=V,=1p.u
To find Zy:
Shorting the generated voltages, we obtain the equivalent circuit of the system
prior to the fault as in fig. 2.8

iL0 (g 7444j099) 116 (093+j055) ¢
Rl R b e il Sl

PN
(- —
i

!
ﬂ“

Zw=((j1.5%j1.25) /
(j1.5+j1.25))+(j1.0+0.744+j0.99+j1.6+0.93+j0.55)=1.674+j4.82=5.1,70.8° p.u

Thus, the Thevenin's equivalent circuit of the system with respect to fault
point is as shown if fig 2.9
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Zpy=5.1 £708°

V=1 p.u. i)

Fig. 29
Now short circuiting the terminals of the Thevenin's equivalent circuit as
shown in fig. 2.10 is equivalent to the fault condition. The current flowing through
the short circuit is the fault current.

Zy=5.1 2108

V=1 p,u,Cj f’l

Fig. 2.10

The p.u value of fault current, I;=V+/Z»=(1.020°) / (5.1.70.8°) = 0.196 ,-70.8°
p.u

The base current,

I,= (1000 x base power) / (V3 x base voltage)= (1000x100) / (V3 x 6.6) = 8747
A

therefore,

absolute value of fault current , I;= 0.196 »-70.8° x 8747 = 1714 .-70.8° A

To find voltage at 11 kV bus during fault:

From fig 2.7, it can be observed that the total impedance between point F and
11kV bus is,

=(0.93+j0.55)+j1.6+(0.744+j0.99)+j1.0

=(1.674+j4.14)p.u

=4.466.67.98°

Voltage at 11kV bus=4.466.67.98°%x0.196 »-70.8°=0.875,-2.82° p.u

The absolute value of the voltage at 11kV bus=0.875,-2.82°x11=0.9625,-
2.82°kV

Example 2.2:

A synchronous generator and motor are rated for 30,000kVA, 13.2kV and both
have subtransient reactance of 20%. The line connecting them has a reactance of
10% on the base of machine ratings. The motor is drawing 20,000kW at 0.8p.f
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leading. The terminal voltage of the motor is 12.8kV. When a symmetrical three
phase fault occurs at motor terminals, find the subtransient current in generator,
motor and at the fault point.

Solution:

the equivalent circuit of the system in the subtransient period for the calculation of
prefault voltage is as shown in fig 2.11.

Here the valued of the voltage sources are subtransient internal voltages.

Let we choose,

base MVA=30

base kV=13.2kV

Fig. 2.11
The prefault voltage at the fault point , V,=12.8kV,
let us use this as the reference phasor per unit value of the prefault voltage,
V =actual value/base value=12.8/13.2=0.97.0°
base current, I,= (1000 x base power) / (V3 x base voltage)= I,= (1000 x 30) /
(V3 x 13.2)=1312A
The load current, I,.=(P/vV3 V Cos®p).cos*p=20000/(vV3 %x12.8%x0.8),c0s'0.8=
1128.36.9° A
The load current in p.u IL=1128,36.9°/1312= 0.8594.,36.9° p.u

Method-1:
Using Kirchoff's laws:
The subtransient voltages E,” and E.” of the fig 2.11 is calculated by Kirchoff's
voltage law as shown below.
E,” = jO.2IL+j0.1IL+Vpf
=j0.2 (0.8594,.36.9°)+j0.1(0.8594,36.9°)+0.97
=0.84,14.2° p.u
E."=Vpf- jO.2IL
=0.97-j0.2(0.8594,36.9°)
=1.0819,-7.3° p.u
The equivalent circuit of the system on the occurrences of a three phase fault is as
shown in fig 2.12
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Fig. 2.12

The subtransient fault current I at the point computed by summing up the
subtransient fault current in the generator. I,” and the subtransient fault current in
the motor I,” i.e I;"=1,"+1,.".
Applying KVL in the circuit of fig 2.12, we get
jO.21,”+j0.11,"=E,"
or
I,”=E,"/j0.3=(0.84,14.2°)/ (0.3,90°)=2.8,-75.8° p.u
also,
from the fig 2.12
jO.21,"=E,"
or
I."=E."/j0.2=(1.0819,-7.3°)/(0.2,.90°)=5.4095,-97.3° p.u
hence,
the current at the fault point I,"=1,"+1."
therefore,
I"=2.8,-75.8°+5.4095,-97.3°=8.065,-90°
Method-2:
Using Thevenin's theorem:
The prefault voltage at the fault point, V=0.97.0° p.u. This is the Thevenin's
voltage at the fault point.
Threfore,
V1=0.97.0° p.u

To compute Zy:
Short circuiting all the voltage sources in the equivalent circuit of fig.2.11, we get
the circuit as shown below.

j0.2 jp2 = E
Fig. 2.13
Zw= ((j0.3)(j0.2))/(j0.3+j0.2)=j0.12
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Hence the Thevenin's equivalent circuit of the system with respect to the fault
point is as shown in fig.2.14

Topic
Symmetrical three-phase faults

Zn=pa2

4
V=097 £0°

Fig. 2.14

The equivalent circuit during fault condition as shown in fig 2.15

Zp,=10.12

F

V=097 £0°

Fig. 2.15
current at the fault point, I;"=V/Z:.=(0.97.0°)/j0.12=8.06,-90° p.u
To find subtransient fault current in motor and generator
when the fault occurs, there is a change in the current supplied by the motor
and generator. This change is calculated by connecting the Thevenin's voltage with
reversed polarity at the fault point as shown in fig 2.16. Here all other voltage

sources are replaced by short circuit.

jo.1
(1] ) -

ig_zg / v:,,=u.97(;)N gi"-z

Fig. 2.16

Now,
1,=0.97/(j0.2+j0.1)=3.23,-90°
1,=0.97/j0.2=4.85,-90°
therefore,
the subtransient fault current of generator and motor are
I,”=I+1,=(0.8594.,36.9°)+(3.234-90°) =2.8.-75.8° p.u
I.,"=1,-1,=(4.85,-90°)-(0.8594 ,36.9°)=5.4095,-97.3° p.u

Thus, we find the currents calculated by both the methods are the same. The
absolute values of the currents can be obtained by multiplying the per unit values
by the base current.
Therefore,
subtransient fault current in generator, 1,"=2.8,-75.8°x1312 = 3673.6 »-75.8° A
subtransient fault current in motor, I1,,"=5.4095,-97.3°%x1312=7097.2,-97.3° A
subtransient fault current at the fault point, I;"=8.065,90°%x1312= 10581.3.-90° A
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Example 2.3:

Two generators are connected in parallel to the low-voltage(L.V) side of a three
phase A-Y transformer. The ratings of the machines are

Generator G;: 50 MVA, 13.8kV, Xd"=25%

Generator G,: 25MVA, 13.8kV, Xd"=25%

Transformer T: 75MVA, 13.8 A -69 Y kV, X=10%

Before the fault occurs, the voltage on the high voltage (HV) side of the
transformer is 66kV. The transformer is unloaded, and there is no circulating
current between the generators. Find the subtransient current in each generator
when a three phase fault occurs on the high voltage side of the transformer.
Solution:

base values:

let us choose,

base MVA= 75

base kV on HV side of transformer=69

we calculate,

base kV on the generator =69x13.8/69=13.8

Reactance of generator G;:

Xot, new = Xot, o0 X ( (MVA)g, new/ (MVA)g,0a) X ( (KV)%, 00/ (KV)%, new )
j0.25 x (75/50 ) x (13.82/ 13.8?)

=30.375 p.u

Reactance of generator G;:

Xaz, new = Xaz,oa X ( (MVA)g, new/ (MVA)g,0a) X ( (KV)?s 0/ (KV)%, new )
= j0.25 x (75/25) x (13.8°/ 13.8%)
=30.75p.u

Reactance of transformer:
X+=j0.1
as the base values choose are of the same transformer, so its p.u reactance
remains the same.

The reactance diagram of the system for the calculation of prefault values is
as shown in fig 2.17
The prefault voltage on the high voltage side is 66kV. This is equal to 66/69=0.957
p.u
The equivalent subtransient reactance as visualised from the fault point is,
((j0.375x%j0.75)/(j0.375+j0.75))+j0.1=j0.35 p.u
therefore,
the subtransient current in the short circuit is,
I"=0.957/j0.35=2.735,-90° p.u

SJ PN Trust's Author TCPO4
Hirasugar Institute of Technology, Nidasoshi-591236 | pramod M Vi1
Tq: Hukkeri, Dt: Belgaum, Karnataka, India, web:www.hsit.ac.in Page No. EEE
Phone:+91-8333-278887, Fax:278886, Mail:principal@hsit.ac.in 13 FEB2013



mailto:principal@hsit.ac.in
http://www.hsit.ac.in/

A.Year / Chapter Semester Subject Topic
2013/ 2 6 Power system Symmetrical three-phase faults
analysis &
stability

To find the subtransient currents in the generators:

The subtransient fault current divides between the generators inversely as

the impedances of the generators.

In generator G;:

1g,"=2.735,-90°%(j0.75/j1.125)=1.823,-90° p.u

In generator G;:

1,,"=2.735,-90°%(j0.375/j1.125)=0.912,-90° p.u

The absolute values of the above currents can be obtained by multiplying the p.u
values by the base current.

Base current,

I.=(1000 x base power) / (V3 x base voltage)=(1000 x 75) / (V3 x
13.8)=3137.7 A

hence the actual currents are,

I"=2.735,-90°x 3137.7 =8581.6,-90°A

I,,"= 1.823,-90°x3137.7= 5720-90°A

I,,"= 0.912,-90°%x3137.7= 2861.6,-90° A

2.5 Selection of circuit breakers

When fault occur in a part of power system, heavy current flows in that part
of circuit which may cause permanent damage to the equipments connected therin.
Hence the faulty part should be isolated from the healthy part immediately on the
occurrence of a fault. This is can be achieved by providing protective relays and
circuit breakers. The protective relays sense the faulty conditions and sends signals
to circuit breakers to open the circuit under faulty condition, the circuit breakers
can be used as a switch.

The selection of a circuit breaker for a power system depends not only upon
the current that the breaker is to carry under normal operating conditions but also
upon the maximum current it may have to carry momentarily and the current is
may have to interrupt at the voltage of the line in which it is placed. Hence, the
choice of a circuit breaker for particular application depends on the following
ratings of the circuit breaker.
1)Normal working power level specified as rated interrupting current or rated
interrupting MVA.
2)The fault specified as either the rated short circuit interrupting current or rated
short circuit interrupting MVA.
3)Momentary current rating.
4)Normal working voltage.
5)Speed of circuit breaker.
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The speed of circuit breaker is the time between the occurrence of the fault
to the extinction of the arc(when the contact opens). It is normally specified in
cycle of power frequency. One cycle for 50Hz power frequency is 1/50=0.02 m sec.
The standard speed of circuit breakers are 8,5,3,2 or 1 1//2 cycles.

The momentary current rating is the maximum current that may flow
through a circuit breaker for a short duration. It is the current that flow during
subtransient period of fault condition. In fault analysis, the subtransient fault
current calculated using subtransient circuit model is the a.c component of the
short circuit current. It is multiplied by a factor of 1.6 to account for the d.c offset
current. This gives the maximum momentary current during fault.

The circuit breaker will open its contacts usually in the transient period and
so the short circuit interrupting current rating depends on the transient currents. In
fault analysis, the a.c component of the transient current obtained is multiplied by
a factor 1.0 to 1.5 to get the maximum interrupting current. The factor 1.0 to 1.5
accounts for the d.c. Offset current during transient period. The circuit breaker is
chosen such that its short circuit interrupting current rating is less than the
calculated value. The multiplying factor to find the interrupting current depends on
the speed of the circuit breaker. These are indicated in table 2.1

Speed of circuit breaker | Multiplying factor

8 cycles or more 1.0

5 cycles 1.1

5 cycles 1.2
5 cycles 1.4
1 1/2 cycles 1.5

Table 2.1

Example 2.4:

A 25MVA, 13.8kV generator with X;"=15% is connected through a transformer to a
bus that supplies four identical motors as shown in fig. 2.18. Each motor has
Xd"=20% & X,'=30% on a base of 5MVA, 6.9kV. The three phase rating of the
transformer is 25MVA, 13.8-6.9 kV. With a leakage reactance of 10%. The bus
voltage at the motors is 6.9kV when a three-phase fault occurs at the point P. For
the fault specified determine:

a)The subtransient current in the fault.

b) The subtransient current in the breaker A.

c) The momentary current in breaker A.

d)The current to be interrupted by breaker A in 5 cycles.

o—()
T o @
©-—3E @
Fig. 2.18 A P
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Solution:
base values:
let we choose,
base MVA=25

base kV in the generator circuit=13.8

we calculate,

base voltage on the motor side=13.8x6.9/13.8=6.9

Reactance of generator G:

Xs" =j0.15(same as old p.u value in given because base values have been chosen
on the same machine ratings)

X« =j0.15(same as subtransient reactance as it is not specified in data).
Reactance of transformer T:

X:=j0.1(same as old p.u value in given because base values have been chosen on
the same machine ratings)

Reactances of motors:

Xampunen” = Xampuoa” X ( (MVA)g, new/ (MVA)g aa) X ( (KV)?s, 0/ (KV)?5, new )
=j0.2 x (25/5) x (6.9%/ 6.9%)
=j 1.0 p.u
)(dM,p.u,nr:zwI = XdM,p.u,oId' X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
=3j0.3x (25/5) x (6.9%/ 6.9%)
=j1.5p.u
The prefault voltage at the point P is 6.9kV=6.9/6.9=1p.u and the base current in
the 6.9kV circuit is,
I,= (1000 x base power) / (V3 x base voltage)= (1000 x 25) / (V3 x
6.9)=2091.8A
The reactance diagram with subtransient values of the reactance marked is shown
in fig 2.19.

j0.15  j0.10
e S oo o0d

Fig. 2.19

a) therefore subtransient fault current, I;"=4x(1/j1.0)+(1/j0.25)= -j8p.u

The absolute value of the current is I"= -j8 x 2091.8 = - j16734.4 A

b) therefore subtransient current in breaker A, I”"= 3x(1/j1.0)+(1/j0.25)= -j7p.u
The absolute value of the current is I”= -j7 x 2091.8 = - j14642.6 A

c)To find the momentary current in the breaker A, we must account for the d.c.

Offset current. This is done empirically as follows:
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Momentary current through breaker A= 1.6x14642.6=23428.16 A
d)To compute the current to be interrupted by the breaker A, it is required to
obtain the transient reactance model of the system. This is shown in fig 2.20

il.5
{1, Wl

il5

Fig. 2.20

The current to be interrupted by the breaker A now is =3x%(1/j1.5)+(1/j0.25)=
-j6p.u

Allowance is made for the d.c. Offset current by multiplying with a factor 1.1(see
table 2.1). therefore the current to be interrupted is,

1.1x6x2091=13805.88A

Additional Examples:

Example 2.7:

A three phase, 5MVA, 6.6kV alternator with reactance of 8% is connected to a
feeder of series impedance of (0.12+j0.48) ohms/phase per km. The transformer
is rated at 3MVA, 6.6kV/33kV and has a series reactance of 5%. Determine the
fault current supplied by the generator operating under no-load with a voltage of
6.9kV, when a three phase symmetrical fault occurs at a point 15km along the
feeder.

Solution:

The single line diagram of the power system is as shown in fig 2.29. let F be the
point of occurrence of the fault.

Base vaules:

Let us chose the generator rating as base values.

Therefore,

base MVA= 5

base kV on the generator=6.6

base kV on the transmission line=6.6x33/6.6=33

Reactance of generator:

Xec=8%=j0.08 p.u

Reactance of transformer T: (calculated secondary side of it)HV or HT

X1 new = Xt 00 X ( (MVA)g, new/ (MVA)g 00 ) X ( (kV)ZB, oia/ (kV)ZB, new )
=j0.05 x (5/3) x (332/33?)
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= j 0.833 p.u

Impedance of the feeder:
Zripw= Zn( Q) X(MVA)gnew/ (KV)%
= (15 %(0.12+j0.48)) x 5/ 332
= 0.0083+j0.033 p.u
using these values, the prefault impedance diagram is as shown in fig 2.30

j0.0838  (0,0083+i0.33)

—— T+
j0.088 T
Vv
o
[

Fig. 2.30

To find Ec and V,:
Actual value of induced emf, Ec= 6.9kV
p.u value of induced emf, Es= actual value/base value=6.9/6.9=1.0455 p.u
The prefault voltage V,; at fault point F is the voltage under no-load=34.5kV
therefore,
prefault voltage V,=34.5kV
The p.u value of prefault voltage, V. =actual value/base value=34.5/33=1.0455p.u
To find fault current:

The Thevenin's equivalent circuit of the system in fig 2.30 as seen from the
fault point F is shown in fig 2.31. Here

(0.0083+j00.4933) F
- +

- __L“__'__
1.0455.20° ( {_)

Fig. 231

V=1.045.0°

Z+=j0.08+j0.0833+(0.0083+j0.33)=0.0083+j0.04933

The fault in the feeder can be represented by a short circuit as shown in fig. 2.32.
Now the current If through the short circuit is the fault current.

(0.0083+j0.4933) F
+

|

Fig. 2.32

1.0455.20°(

Therefore,
p.u value of fault current, If=V./Z:=(1.045.0°)/(0.0083+j0.04933)=2.12,-89°

p.u
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actual value of fault current, If= p.u value x base current

base current=(1000 x base power) / (V3 x base voltage)= (1000 x 5) / (V3 x
33)=87.47A

If=(2.12,-89°)x87.47=185.45.,-89° A

Example 2.8:

Two synchronous motors are connected to the bus of a large system through a
short transmission line as shown in fig 2.33. The ratings of the various components
are:

Motors (each): 1MVA, 440V, 0.1p.u, transient reactance

line: 0.05 ohm reactance

large system: short circuit MVA at its bus at 440V is 8. when the motors are
operating at 440V, calculate the short circuit current fed into a three phase fault at

the motor bus.
Largé i O
Bus ‘ﬂlﬁlﬂ" — Maotors
— A0

Fig. 2.33 Molor bus

Solution:
base values:
let us choose the motor ratings as base values
therefore,
base MVA=1
base kV on the motor side=0.44
The large system can be considered as a source of constant voltage feeding the
line through an “infinite bus”. The voltage rating of the bus is 440V(as given)
Reactance of Motors:
Xw=j0.1 p.u
Reactance of line:
Xripu= Xr( Q) X(MVA)gew/ (KV)?%s
= j0.05 x 1/ 0.442
=j0.258 p.u
Hence the p.u reactance diagram is as shown in fig 2.34.
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Fig. 2.34

The prefault voltage at the motor bus, V=400V
p.u value of prefault voltage, V,=400/440=0.909p.u
p.u value of voltage at infinite bus, V.=440/440=1p.u
The fault condition of the system is shown in fig 2.35. The total fault current
I{' is sum of the fault current I;' and I,

Fig. 2.35
From the fig 2.35, it can be observed that,
I;,'=V,/j0.2583=1,0°/j0.2583= -j3.87 p.u
I,'=V,/(j0.1/2)=0.909,0°/j0.5= -j18.18 p.u
I'= I,'+I,'= -j3.87 -j 18.18 = -j22.05 p.u = 22.05, -90° p.u
Actual value of fault current = p.u value of fault current x base current
=22.05,-90° x (1000 x1) / (V3 x 0.44)
=28933.12 , -90° A.

Unsolved example:

2.3) A 25 MVA, 11kV, synchronous generator having a subtransient reactance of
1.5 p.u is supplying 20MW power at 0.8p.f.lagging to a synchronous motor through
a transmission line. The voltage at the terminals of the generator is 10.5kV. The
transmission line has a reactance of 0.5 ohm and the motor a subtransient
reactance of 1.2 ohm. If a three phase fault occurs at the terminals of the motor,
determine the fault current from each machine.

Ans:(1,"=3794.,-77° A. 1,”=4301,-110.8° A).
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3.1 Introduction:

A symmetrical, balanced three phase system can be analysed on a single
phase basis. But, an unbalanced three phase system does not permit this
simplification as it involves phasors of different magnitude and phase angles in
each phase. Analysis under unbalanced conditions has to be carried out on a three
phase basis which is very cumbersome process. Alternatively, a more convenient
method of analysing unbalanced operation is through symmetrical components.

Dr. Fortescue's theorem forms the basis of the study of symmetrical
components. According to the theorem, an unbalanced system of n-related phasors
can be resolved into “n” systems of balanced phasors called symmetrical
components of the original phasors. The "n” phasors of each set of components are
equal in length and the angles between the adjacent phasors of the set are equal.
The method of symmetrical components is a general one applicable to any
unbalanced polyphase system. Because of the widespread use of three phase

systems, the study here is confined to three phase systems only.

3.2 Resolution of unbalanced phasors.

According to Fortescue's theorem, a set of three unbalanced phasors
(voltages or currents) can be resolved into three sets of balanced phasors, each set
containing three phasors. The three sets of balanced components are called
positive sequence components, negative sequence components and zero sequence
components. Positive sequence components consists of three balance phasors of
equal magnitude, displaced from each other by 120° in phase and having the same
phase sequence as the original unbalanced phasors.Negative sequence components
consists of three balanced phasors of equal magnitude, displaced from each other
by 120° in phase and having a phase sequence opposite to that of the original
unbalanced phasors. Zero sequence components are a set of three phasors, equal
to each other in all respect.

Consider three unbalanced phasors V., V, and V. as shown in fig 3.1.

Let the direction of rotation of the phasors be in the anti clockwise direction.
Then, it can be observed that the phase sequence of these three unbalanced
phasors is abc.

The positive sequence components V., V.. and V., shown in fig. 3.2a
constituting a three phase system are equal in magnitude and are symmetrically
displaced by 120°. They have the same phase sequence 'abc' as the original
unbalanced phasors. The negative sequence components V., V,; and ,, shown in
the fig 3.2b, constituting a three phase system are equal in magnitude,
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symmetrically displaced by 120° and have the phase sequence acb; opposite to
that of the original phasors. The zero sequence components V.,, Vi, and V, shown
in fig. 3.2c are equal in all respects. These three phasors do not constitute a three
phase system. They are equivalent to three single phase phasors of equal
magnitude and having zero displacement between them.

v

a

Direction
of
rotation

v

Fig. 3.1 : Unbalanced Phasor

Note:

1)Subscripts 1, 2 and 0 are used to indicate positive, negative and zero sequence
components respectively.

2)The above three sets of phasors can be either voltages or currents.

I % ] Ao

;}‘-\‘\.

| e
h, 3, H * V|
1207 120 1200 1207 (™
LY, 2.
120 2 T

L. = ~ —*Va

albe
- oy e
Ve Vi Vo
(a) Positive Sequenoe (b)) Negalive Sequence (€] Zero Sequence
Companents Components Compsents

Fig. 3.2

3.3 The 'a' operator.

Because of the phase displacement of the symmetrical components of
voltages and currents in a three phase system, it is convenient to have a short
hand method of indicating the rotation of phasors through 120°. The letter 'a'
(some books denote it as a or A also) is used to designate the operator that causes
a rotation of 120° in the anticlockwise direction. This operator is a complex number
of unit magnitude with an angle of 120° and is defined by the following
expressions:
a=1,120° = 1. &' = c0s120°+jsin120° = -0.5+j0.866

any phasor which is multiplied by 'a' remains unchanged in magnitude but is
rotated by 120° in the anticlockwise direction.

Similarly, a’= a.a = 12240° = 1. & = c0s240°+jsin240° = -0.5-j0.866
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Hence, operator 'a®' will rotate a phasor in anticlockwise direction by 240°.
This is same as rotating the phasor in clockwise direction by 120°.
It can be easily shown that,
1a’=1
2)a*= a
3)1+a+a’=0
4)a*= a? (* is conjugate)
5)a-a’= jV3
6)a’-a= - jV3
These relations will be used in our discussion.

3.4 Expression for phase voltages in terms of symmetrical

components.

Referring to fig. 3.2a, it can be observed that Vy;: leads V.: by 240° and the
phasor V. leads V.1 by 120°. Since these three are also equal in magnitude we can
write,

V1=V, 2240°

Va=V.12120°

Making use of the 'a' operator, the above equations can be written as,
Voi=a%.Va,

Va=a.Va i 3.1
On the same lines, referring to fig 3.2b, we get,
Vy,=a.Va,

V=82 Vaa i 3.2
and from fig 3.2c, it can be established that
Vao=Voo=Vao e 3.3

Since three unbalanced phasors V., V, and V. can be resolved into three sets
of balanced phasors, the phasor V,, is equal to the sum of the positive sequence
component V., of phase a, the negative sequence component V., of phase a and the
zero sequence component V,, of phase a. That is,

similarly,

Vo=Voo+Vau+V, 3.4
Vi=Vio+Vei+Ve: i 3.5
V=Vo+Vu+Ve 3.6

Using equations 3.1, 3.2 and 3.3, the above expressions can be rewritten in terms
of phase a as,

Va=V30+Val+Vaz ................... 3.7
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Vo= Vaot+aZ Va+a.Va i, 3.8
V= Voota. Va+ai V., i, 3.9
In matrix form, the above equation can be written as,

Va 11 1 Vo

Vol = |1 & «a N 3.10

V. 1 a Vi

The above equations establishes the relationship between the phase voltages of an
unbalanced system and the symmetrical components.

3.5 Expression for symmetrical components in terms of phase
voltages.
Let us denote,

1
[T] = |1 a’
a

then eq. 3.10 becomes,

Ve Vo
Vol =[T] [V
V. Vi
Vo V.,
or |Vl =[T1Y | Vo] v, 3.11
Vaz V.

we determine

[T]*= adj[T] / det[T]

In this case,

det[T]= 1(a*-a?) -1(a*-a) +1(a-a?)=1(a-a*)+(a-a?*)+(a-a?)=3(a-a?)
and,

+(a*-a®) —(a’—a) +la (a— a a—az) (a—a’)
adj[T]l= | —(a*-a) +(a2—1 —(a—a’) (a—a” (a—a’) a*.(a—a’)
+a—-a*) —(a- +(a’—1) (a—a’ . a—az) a.(a—a’)
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[T]7"= adj[T] / det[T]
1 1 1
= (1/ 3(a-a?))x(a-a?) |1 a d°
1 &

1 1 1
=(1/3) |1 a o
1 a* a

Hence, eq. 3.11 becomes

v, 111 v,
Val =(@/3) |1 a a’ 1 3.12
Vi 1 a a V.

in general form eq. 3.12 can be written as,

Vo= (1/3) (Vo Vo+V) e 3.13
Vo= (1/3) (Vo+a.Vo+a% V) v, 3.14
V.= (1/3) (Va+a2Vota. Vo) 3.15

The above equations gives the sequence components of voltages of phase a
in terms of the phase voltages of the unbalanced system.

Equations 3.10 and 3.12 giving the transformation relationships between
phase quantities and symmetrical components apply both to phase voltages and
line currents of any star connected or equivalent star connected system, for line
currents, the transformation is given by,

I, 111 I,
I, = |1 a’ a ) 3.16
I, 1 a o I,
and,
I, 111 I,
I, =@/3) (1 a & N 3.17
I, 1 a° a I,
Note:

1) Unless otherwise mentioned, symmetrical components of voltages and currents
always mean phase voltages and line currents of an equivalent star connected
system.
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2) Also, by the sequence components of voltages and currents, it is always meant
the sequence components of voltages and currents of phase a.

Example 3.1:
Prove that a balanced set of three phase voltages will have only positive sequence
components of voltages only.
Solution:
A balanced three phase system of voltages is one where in all the phase voltages
are of equal magnitude and symmetrically displaced by 120°. This is shown in fig
3.3

Let Va, V, and V. be the balanced system of three phase voltages.
From fig. 3.3, it can be observed that,

V., =V,
V, =a%.V,
Ve=a.V. e 1
We have,
Vo 11
Val =@/3) |1 a & v,
Ve 1 & a V.

Using eq. 1 in the above matrix, we get...

Vo 11 Va
Val =@/3) |1 a a.v,
Vo 1 & a aVv,

V,+a' .V, +aV,
= (1/3) |V, +a’. Vv +a’.V,
V. +a'. vV, +a.V,

putting a*=1 and a*=a, we get,
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V. +aV +a’.V,
V. +aV +a’.V,

V. +aV +a’.V,
V,+vaV +a. Vv,

V. (1+a+a’)
= (1/3) 3V,
V,(1+a+d’)

but,
(1+a+a?)=0,
0
= (1/3) [3V,
0
thus,
VaO O
Va] = Va
Vi 0

comparing the terms, we obtain,

Va(]:O
Va1=V,
Vaz=0

This clearly indicates that a balanced set of three phase voltages will have only
positive sequence voltages. The negative and zero sequence components are
always absent in a balanced system. This holds good for a balanced set of currents
as well.

Example 3.2:
Determine the sequence components of the three voltages, V.=200:0°V,
Vp=200,245°V and V.=200 ,105°V

solution:
S JP N Trust's Author TCPO4
Hirasugar Institute of Technology, Nidasoshi-591236 | pramod M Vi1
Tq: Hukkeri, Dt: Belgaum, Karnataka, India, web:www.hsit.ac.in Page No. EEE
Phone:+91-8333-278887, Fax:278886, Mail:principal@hsit.ac.in 7 FEB 2013



mailto:principal@hsit.ac.in
http://www.hsit.ac.in/

A.Year / Chapter Semester Subject Topic
2013 / 3 6 Power system Symmetrical components
analysis and
stability

The positive sequence components of voltage is ,
Va1=(1/3) (Va + a. Vu+ a%. Vo)
=(1/3) (200.0°4+200,245°+120°+200 ».105°+240°)
=(1/3) (200+ (199.24+j1743)+(193.19-j51.76))
= 0.9748-j11.44
=197.81,-3.3°V
The negative sequence component of voltage is,
Va2=(1/3) (Va + a% Vo+ a.Vo)
=(1/3) (2000°4+200,(245°+240°)+200 ,(105°+120°))
=(1/3) (200+(-114.72+j163.83+(-141.42-j141.42))
=-18.71+j7.47
=20.15,158.2° V
The zero sequence component of voltage is,
V.= (1/3) (Va + Vot Vo)
=(1/3) (200.0°+200,245°+200 105°)
=(1/3)(200+(-84.52-j181.26)+(-51.76-j193.18))
=21.21+j3.97
=21.6,16.58° V

Example 3.3: The positive, negative and zero sequence components of line
currents are 20.10° , 6.60° and 3.30° A respectively. Determine the line currents.
L.,= 20.10°
I.,= 6.60°
o= 3230°
we have, the line current,
L=Lo+1.,+]1.;
=3,30°4+20,10° +6.60°
=27.25,21.88° A
I,= L,+a%I.,+a.l,
= 3,30°4+20,(10°+2240° )+6,(60°+120°)
=20.1,-120.7° A
I.= Io+a.l,,+a% 1.,
=3230°4+20,(10°+120°) +6.(60°+240°)

=13.72122° A
Example 3.4:
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In a three phase system, 1,;=100.30° A, I,,=40,90° A and I,= 10,-30° A. Find
the line currents.
Solution:
The sequence components of currents given in the problem are not of phase a
only. Hence it is first required to express the sequence components in terms of
phase a.
Consider fig 3.4. The negative sequence components of line currents are depicted
in the sketch.

lution : [I.,

‘\ach
120¢ gbiﬂ”
RN,

e ~
Fig. 3.4 s

From the fig. It can be observed that,

I.,=a%1,,=40,(90°+240°)=40,330° A

also we have

I.,=10,-30° A

[.,=100.30° A

1.,=40,330° A

L=1,+I,,+1,,
=10,-30°+100.30° +40.330°
=132.24,10.89° A

I,= Lo+a’ I +a.l,
= 102-30°+1004(30°+240° )+40,(330°+120°)
=65.57,-82.4° A

I.= Io+a.l,+a%l.,
=10,-30°4+100,(30°+120° )+40,(330°+240°)
=11.32,167.48° A

3.6 Relation between sequence components of phase and line

voltages in star connected systems.

It has been emphasized previously that, unless mentioned, by sequence
voltages it is always meant phase voltages (line to neutral voltages) of a star or an
equivalent star connected system. It is known that in a star connected system the
phase voltages are different from the line voltages, But if the phase voltages are
known, the line voltages can be easily determined by using the relation V. =V3V,.
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Similarly, if the sequence components of the phase voltages are known, it
should be possible to determine the sequence components of the line voltages.
This is discussed in the following points.

Let Va, Vb and Vc be the phase voltages having a phase sequence abc as shown in
fig 3.5.

Fig. 3.5
The three line voltages of the system are Vbc, Vca and Vab. It is known from
elementary vector algebra that.

Vbe = V-Vp
Ve = Va-Ve
Vab=Vb-Va
Let

Vihe=Va(opposite to Vertex A)
V.=Vs(opposite to Vertex B)
Va.=Vc(opposite to Vertex C)
therefore, we get
Va=Vpc=Vc-Vy
Ve=V=Va-V.
Ve=Var=Vb-Va cevviiiiiiiiiinnnnnn. 3.18
The positive sequence component of line voltage is given as
Var=(1/3)(Va+a.Vs+a2.Vc)
=(1/3) ((Vc-Vp)+a(Va-Vo)+a% (Vb-Va)) covvininnnnn. in View of eq. 3.18
=(1/3)((a(Va+a.Vp+a2.Vo)-a%(Va+a.Vo+as. Vo))
=(1/3)(a-a%)(V.+a.Vo+a3.V.)
but, (V.+a.Vo+a2. Vo) =3.Va
and, (a-a?)=jV3
therefore, we get
Va1=(1/3)(GV3)(3.Va1)
Thus, Vai=jV3. Va1 ceeereirininininnnns 3.19
Hence, positive sequence component of line voltage is V3 times the positive
sequence component of phase voltage and leads the corresponding phase voltage
by 90°.
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The negative sequence component of line voltage is
Va2=(1/3)(Va+a®.Ve+a.Vc)
=(1/3)((Vc~-Vb)+a%(Va-Vo)+a(Ve-Ve)), view of eq. 3.18
=(1/3) (a*(V.+a2. Vp+a.Vo)-a(Va+a2.Vo+a.Vo))
=(1/3) (a%-a) (V.+a%.Vp+a.V.)
=(1/3)(-jV3)(3.Va2) [because (V.+a%.Vo+a.V.)=3.V.; and (a%-a)=-jV3]
Thus,
Vaz=-jV3.Vaz corviiiiininnnnnn, 3.20
Hence, negative sequence component of line voltage is V3 times the negative
sequence component of phase voltage and lags the corresponding phase voltage
by 90°.
Finally, the zero sequence component of line voltage is given as,
Vao=(1/3)(Va+Ve+Vc)
=(1/3)((V-Vp)+(Va-Vo)+(Va-Vp)) , in view of eq. 3.18
=0
Thus, Vao=0 . 3.21
Therefore, it is evident from the above equation that zero sequence component of
line voltage is zero.

Note:

In similar lines as above, it can be proved that

V51=j\/3 Vbl, V|32='_]\/3Vb2, VBo=0

Vc1=j\/3VC1; Vc2='j\/3VC2; Vco=0 .............. 3.22
Example 3.5:

The positive and negative sequence components of phase voltages of a three phase
system are Val=230.,30° V and Va2=60.60°V. Determine the positive and
negative sequence components of line voltages and hence the line voltages.
Solution:

The positive, negative and zero sequence line voltages is given by,

Va1=jV3. Va1=V3 (230,(30°+90°))= 398.37,120° V

Vaz=-jV3.Va2z =V3 (60,(60°-90°))= 103.92,-30° V

It is known that zero sequence component of line voltage is zero. Thus Vao=0.
Hence the line voltages of the system are,

Va=Vao+Va1+Vaz

=0+398.37,2120°+103.92,-30°

=312.72,2110°V
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Ve=Vao+a2.Vai+a.Vaz
=0+398.374(120°4240°)+103.92,(-30°+120°)
=411.7214.62° V

Vc=Vao+a.Vai+a%.Vaz
=0+4398.37(120°4+120°)+103.92,(-30°+240°)
=491.134-126°V

3.7 Relation between sequence components of phase and line

currents in delta connected systems.

In a star connected system, the line currents are the same as that of the
phase currents. But, this is not the case in a delta connected system. Here, the
phase currents are different from the line currents. Like wise, the sequence
components of line currents are different from the sequence components of phase
currents.

Consider a delta connected three phase system where in the line currents Ia,
Ib and Ic are entering the delta connected system as shown in fig 3.8

b b
b Fg38

The phase currents (currents in delta winding) are I.,, I, and I.. Let us
designate I.,=I¢, Inc=Ia and I..=Isz (Opposite to respective vertices).
Now, applying KCL to the system shown in fig 3.8, we get
I.=Ic-1g
Ip=Ia-Ic
I=Ig-Iacuennnnns 3.23
Then, the sequence component of line current are
Li=(1/3)(I.+a.l,+a%1.)
=(1/3) ((Ic-Ig)+a(la-Ic)+a% (Is-14))
=(1/3)((a(Ia+a.ls+a%Ic)-a%(Ia+a.ls+a%.1c))
=(1/3)(a-a%)(Ia+a.ls+a%1c)
but, (Ia+a.lsg+a%Ic) =3.1a
and, (a-a%)=jVv3
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therefore, we get
L.1=(1/3)(jV3)(3.1a1)
Ial= _]'\/3 .IA1 ................. 324

I.>=(1/3)(I.+a%Is+a.l.)
=(1/3)((Ic-Is)+a%(Ia-Ic)+a(ls-1c)), view of eq. 3.18

=(1/3) (a*(Ia+a%.Iz+a.lc)-a(Ia+aIs+a.1c))

=(1/3) (a%-a) (Ia+a>ls+a.lc)

=(1/3)(-jV3)(3.1a2) [because (Ia+a%.Iz+a.lc)=3.In and (a*-a)=-jV3]
Thus,
L2=-]V3.Ia2 coiviiiiininnnnn. 3.25
From equations 3.24 and 3.25, it can be inferred that the line currents in delta
system is V3 times the currents. The positive sequence line current leads the
respective phase current by 90° whereas the negative sequence line current lags
the negative sequence phase currents by 90°.
Finally, the zero sequence components of the line current is
To=(1/3)(Ia+1p+1.)
=(1/3)((Ic-Ig)+(Ia-Ic)+(Ia-Ig)) , in view of eq. 3.18
=0
Thus, I.o=0 .. 3.26

The above result indicates that zero sequence currents are absent in the

lines. In general, it can be shown that zero sequence component of line current is
absent in any three wire system. This will be made clear in section 3.8. also the
zero sequence line current I,0=0, does not mean that the zero sequence phase
current I, is also zero.

Note:

1)In similar lines as above, it can be proved that when the line currents are
entering the data windings

Ii=jV3 Isi; In2=-jV3 Igz; Ibo=0

I=jV3 Icy; Io=-jV3 Icz;  Ico=0uerrrrrrrrrnnnnnn. 3.27

2)when the line currents I,, I, and I. are leaving the delta connected windings as
shown in fig.3.9, then it can be proved that
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Ia1='j\/3 In1; Ia2=j\/3IA2; I.o=0
Ib1='j\/3 Ig1; Ib2=j\/3152; Io=0
Icl=‘j\/3 Ic1; Ic2=j\/3Ic2; Ic0=0 ........................ 3.28

Example 3.7:
In a three phase, three wire system, the line currents are Ia=100.0°A and Ib=100
<2-100° A. Determine the sequence components of line currents.
Solution:
In three wire system always,
L+I,+I.=0
I.=-(I.+1,)

= -(100.0°+100,-100°)

=128.56,-130° A
Therefore, the sequence components of line currents are
Lo=(1/3)(I.+I,+1.)

=(1/3)(100.0°+100,-100°+128.56,-130°)
=0 A (as expected)

Li1=(1/3)(I.+a.l,+a%.l1.)

=(1/3)(100.0°+100,(-100°+120°)+128.56,(-130°+240°)

=108.5,10° A
I.>=(1/3)(1.+a%I,+a.l.)

=(1/3)(1000°+100,(-100°+240°)+128.56,(-130°+120°)

=20.5,-110° A
Example 3.8:
A balanced delta connected load is connected to a three phase symmetrical supply.
The line currents are each 10A in magnitude. If fuse in one of the lines blows out,
determine the sequence components of line current.

Solution:
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Let us assume that the fuse blows in line c. Then with the current in line a as
reference, the diagram of the circuit is as shown in fig. 3.10

1 >
>T1, = 10 Z180°A
Fig. 3.10

Since this is a three wire system, we have
I.+I,+1.=0
but,
I.=0, as fuse blows out.
Therefore,
I,= -1,
if ,=10.0° A, then
I,=-10.0° = 10,180° A
Hence, the positive sequence components of line current is
Li=(1/3)(I.+a.l,+a%1.)
=(1/3)(10.0°+10,(180°+120°)+0)
=5.782-30° A.
The negative sequence component of line current is
L>=(1/3)(I.+a%.Iy+a.l.)
=(1/3)(10.0°+10,(180°+240°)+0)
=5.78.30° A.
The zero sequence component of line current is absent in any three wire system.
Thus I,,=0 A

Example 3.9:

A delta connected balanced resistive load is connected across an unbalanced three
phase supply as shown in fig 3.11. Find the symmetrical components of line
current and delta current.

Solution:

I.+I,+1.=0

or,

I.=-(I.+1,)
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=-(10.30°+15,-60°)
=18,154° A.
Hence, symmetrical components of line currents are
L:=(1/3)(I.+a.l,+a%l1.)
=(1/3)(10.30°+15,(-60°+120°)+18,(154°+240°))
=13.94.41.86° A
I.>=(1/3)(I.+a%I,+a.l.)
=(1/3)(10.30°+15,(-60°+240°)+18,(154°+120°))
=4.65,248° A
I.o=(1/3)(I.+1,+I1)=0 A
Here, the line currents are entering the delta connected load. Therefore, the
sequence components of delta currents are,
Ia=(1.. / jV3) = (13.94,(41.86°-90°) /V3) = 8.05,-48.14° A
Lo=(1../ -jV3) = (4.65(248°+90°) /V/3) = 2.68.338° A

3.8 Effect of neutral in the system
consider a star connected system as shown in fig.3.13

Let the unbalanced line currents I,, I, and I.. There are two possible cases
here. One with the switch 's' closed i.e with the presence of the neutral wire. This
forms a four wire system. The other with the switch 's' open forms a three wire
system.

Let us consider both the cases independently.
Case i):

Four wire system.

Now, the current can flow through the neutral wire. Applying KCL at node 'n', we
get the current through the neutral as
IL=L4+L+I i, 3.20
but, we have

L=Lo+1.,+1.,
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I,=I.,,+a%.l.+a.l,
and,
I.=I,+a.l,;+al,
Using these results in eq. 3.29 yields,
I,=3.I,+1..(1+a+a?)+I1,.,(1+a+a?)
=31,,+0+0 , as (1+a+a?)=0
Or Ii=3.10 tereriiiiiiiiiiineeennn, 3.30
From eq. 3.30 it can be deduced that positive and negative sequence currents do
not flow in the neutral wire. On the other hand, the neutral current is equal to
thrice the zero sequence currents in a four wire system.

Case ii):
Three wire system
In this case, the neutral wire is not made available so that

L= 0 o 3.31
Hence eq. 3.30 yields
Lo =0 oo 3.32

That is, zero sequence currents are absent in three wire system.

Note:
A delta connected system is also a three wire system. Hence, the zero sequence
component of line current I,,=0. This has been proved in section 3.7

Example 3.11:

In a three phase, three wire system, if 1,,=100.30° A, 1,,=40.90° A, find the line
currents of the system.

Solution:

Since there is a three wire system, the zero sequence component of line
current I,,=0.

The negative sequence component of phase 'b' is given in this problem.
Hence, we determine Ia2 as follows. The negative sequence components of line
currents are depicted in fig. 3.14.

From the diagram, it is clear that
I.=a% I.,

=40,(90°+240°)

=40,330° A
Thus, the sequence components are
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I.,=0

[.,=100.30° A

1.,=40.330° A

Hence the line currents of the system are

I.=I,+1,+]1.,
=0+100,30°+40,330°
=124.89,13.9° A

I,=I,+a%.l;+a.l,
=0+1004(30°+240°)+40,(330°+120°)
=60,-90° A

I.=I,+a.l,;+al,
=0+4+1004(30°+120°)+40,(330°+240°)
=124.89,166.1° A

Example 3.12:

In a three phase system supplying power to a Y-load, the line currents when the
neutral of the supply is not connected to the neutral of the load are Ia=20.0° A
and Ib=20,-100° A. When the neutrals are connected, the current through the
neutral wire is found to be 12.,-30° A. Determine the line currents under this
situation.

Solution:

case i) when neutral of load is isolated from neutral of supply

In this case, I,=0

I,=1,,+1.,,=2020° ..ccoiiviiiiiiiiis 1
p=a21,+a.1,,=202-100° ....ccoviiiniiinennn. 2
I=a.L,+a%L,=-(I,+1,)= -(2020°+20,-100°) = 25.7,130° ....ccrvvrvrrrnenn. 3

case ii) when the neutrals are connected
Here, it is given that I,, the neutral current is 12.-30°.
therefore,
3.1, =12,-30°
I.,=4,-30°
Let I.', I,' and I.' be the new values of line currents in this case, we get
I'=Io+(I.:+1.,)
= 4,-30°4+20.0° , from result 1
=23.53.-4.87° A
I,'=I,+(a%1.,+a.l.,)
=4,-30°+20,-100° , from result 2
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=21.69,-90° A

Ic'=Ia0+(a.Ial+a2.Ia2)
=4,-30°+ 25.7,130°, from result 3=22,126.48° A

3.9 Phase shift of symmetrical components in Y-A transformer
bank.

Positive and negative sequence voltages and currents undergo a phase angle
change in passing through a Y-A transformer (or a bank of three single phase
transformers). This phenomenon is called as phase shift.

3.9.1 Voltage relations
Consider a transformer connection as shown in fig 3.15

c

Fig. 3.15

Let E.°, E,° and EZ be the phase voltages on the Y-side of the transformer and
E., E, and E® be the voltages across the windings on the A side of the
transformer. Here, superscripts “s” and “d” stand for star side and delta side
respectively.

We know from the principle of transformer, that the voltages across the
various windings wound on any core will all be in phase, since these voltages are
all produced due to rate of change of a common magnetic flux in the core. In this
case, therefore, the phase voltage on the Y-side of the transformer should be in
phase with the voltage across phase voltage on the Y-side of the transformer
should be in phase with the voltage across the corresponding phase winding on the
A side. If 'n' is the turns ratio, then we can write
E.°=n.E,°
E.S=n.E"

ES=n.E“

Hence, the sequence components are also related as,
Ea®=N.Ea® oo, 3.33

T TN =P 3.34

I T S O 3.35

The line voltages on the delta side of the transformer are equal to the
voltages across the phase windings (on the delta side) of the transformer. But the
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phase voltages of the equivalent star on the delta side are different from the line
voltages. Let E.%, E. and E® be the phase voltages of the equivalent star on the
delta side. These are related to the line voltages (on the delta side) as follows.
Er®=jV3 Ea® oiriiiiriiiieiienn, 3.36 (refer equations 3.19 & 3.20)
and Ex? =-JV3 Eo? vviiiiiinien 3.37
Using these equations in 3.33 and 3.34, we get
E..=N.En®=+jV3 n. E® oo, 3.38
and E.,° = n. Ex? = -jV3.NEn i 3.39

Hence, we conclude that the positive sequence components of phase
voltages on the star side of the transformer lead the corresponding positive
components of the phase voltages (of the equivalent star) on the delta side by 90°.
The same is true for line voltages on both sides of the transformer. The negative
sequence components of the phase voltages on the star side of the transformer
lags behind the corresponding negative sequence components of the equivalent
phase voltages on the delta side by 90°. The relations 3.38 and 3.39 are vectorially
represented in fig 3.16a and 3.16b.

(4] Positive Sequence (b) Negative Sequence
Componenls : Cin nents
cains Fig. 3.16 b

3.9.2 Current relations

consider a star delta transformer connection as shown in fig 3.17

Let 1.5, I,° and IS be the line currents in the star side, 1.9, I,Y and 1¢ the line
currents in delta side 1%, I, and I the currents in the delta windings.

If 'n' is the turns ratio, then from the theory of transformers, we can write
that, I.9=n.1° i 3.40

Fig. 3.17
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LI=N.1° e 3.41
I9=N.IS i, 3.42

Applying KCL to the nodes on the delta side, we can establish that
L=1-1=n(1,°-15)
I,4=14-1,4=n(15-1.%), from equations 3.40 , 3.41 and 3.42
[9=13-1s%=n(1.5-1.%)
Considering only positive sequence currents, the above relation becomes
L.%=n(I..*-1.%)=n(a%1,;-a.l.,*)=n(a%*a)L.*=-jV3 n.L*°
or L=3/n.V3)L% 3.43
on the same lines
L.Y=n(I,°-1.°)=n(a.l.,*-a2.1.,°) =n(a-a2)l.,°=jV3.n.L.,°
or L3=(-1/NV3)La? o, 3.44

From 3.43 and 3.44, it can be inferred that the positive sequence component
of the line current on the star side of the transformer leads the corresponding
positive sequence component of line currents on the delta side by 90° and the
negative sequence components of the line current on the star side of the
transformer lags behind the corresponding negative sequence component of the
line current on the delta side by 90°.

Note:
1)The turns ratio 'n' of a transformer is defined as,
n=number of primary turns / number of secondary turns
=primary voltage / secondary voltage
=secondary current / primary current
2)If each voltage is expressed in per unit with its own voltage as the base voltage,
then equation 3.38 and 3.39 can be written as,

E.°=jE.Yp.u . 3.45
E.S= -JE.Y p.U e, 3.46
3)Similarly, the per unit for a Y-A transformer
L=iLad PoU e 3.47
L°= -jI.0 PU 3.48

4)If delta side forms the primary and the star side forms the secondary, that is in
the case of A-Y transformer, we have

LASiLS pUu i 3.49

L= IS PU e, 3.50

Eaf=JE.® PU  ceveviiiieinininennns 3.51

E..?= -JEo2® PoU wrviiiiiiiininnnnn, 3.52

SJ PN Trust's Author TCPO4
Hirasugar Institute of Technology, Nidasoshi-591236 | pramod M Vi1
Tq: Hukkeri, Dt: Belgaum, Karnataka, India, web:www.hsit.ac.in Page No. EEE
Phone:+91-8333-278887, Fax:278886, Mail:principal@hsit.ac.in 21 FEB 2013



mailto:principal@hsit.ac.in
http://www.hsit.ac.in/

A.Year / Chapter Semester Subject Topic
2013 / 3 6 Power system Symmetrical components
analysis and
stability

3.10 Complex power in terms of symmetrical components
If the symmetrical components of currents and voltages are known, then the
power in a three phase circuit can be computed directly from the components.
The total complex power flowing into a three phase circuit is given as
S=P+jQ = V... *+V,.I,*+V..I.*
where,
S=Total complex power,(* indicates conjugate)
P=Active power
Q=Reactive power
In matrix from, the above equation can be expressed as,

I*
S=P+jQ=[V, V» V] (;b*}

I
.......................... 3.53
But,
vt (it 1 typayt
Vo W Vc]:livbJ =1 @ a||vg
v, - o v |V,
T
V.0 1 1
= |V, 1 a @ ovviiiiiiiennn, 3.54
V.2 1 & a
since ([A].[B])" =[A]".[B]"
and,
L2 [l et i3 i
L 2 iz
[ i Iy 1 a o Ia2
since ([A].[B])* =[A]*.[B]*
1o S o
;[1 a® a [,gd
1 a {12 .’02
Now a*=a?
(a®)*=a, Using these, we get
o R e
[.f,, =1 a atilLy
I 1 o* allls
Substituting equation 3.52 and 3.53 in 3.51 we get,
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777 T I B 1 O R B
S5=(P+jQ)=|Vy| [l @® al|.]l a &*||I,
Vaz 1 a ||l ¢ a Ig2 |

S=P+jQ = 3{Va0.la0*+Val.lal*+Va2.Ia2*} VA i, 3.56

Thus, if the symmetrical components of currents and voltages are known,
then the power consumed by a three phase circuit can be computed from these
components.

Note:

1)In terms of active and reactive powers, the above equation can be written as
P=3{|Va| |I.0] cOSOy +|V.i| |I.:i] cOSO1+|Vaz| |I.2| cOSE.F W ......e.etees 3.57

and

Q=3{|V.ol 10| Sin6 +|Vai| |I.1] SinB;+| V.| |1s2] sin6.} VAR ............ 3.58

2)If V; is the base voltage and I; the base current of the system, then the complex
power in pu is given as,

Spu=3(Vao Lo®+Va Li*+Va I,*¥) (1 / Ve Ig) vevivviiiiiennnen 3.59

OF S;u=S /Se ctitiiiiiiiiiiiii i, 3.60

Where Sg=base power of the system =3V;l;

3)If the symmetrical components of voltages and currents are given in pu directly,
then the total 3 phase power is given as

Spu=Vao Lo*+Va Li*¥+Va Io* o 3.61

Example 3.13:

The sequence components of the phase voltages are V,;=200.30°, V,,=60.60° and

V,0=20,-30° V. The line currents are 1,,=20,10°, I.,=5,20° and I,=32-10° A.

Determine the three phase power in kVA and p.u. If the base power is 1kVA.

Solution:

The three phase complex power is given as

S,.=3(Vao Lo*+V.; Li*¥+V., 1,%)
=3{(200,30°)(20,-10°)+(60,60°)(5,-20°)+(20-30°)(310°)}
=(12.13+j4.62) kVA

We have S,,=S /Sg = (12.13+j4.62) kVA / 1kVA = (12.13+j4.62) p.u
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Example 3.14:

In a three phase system, the sequence quantities are V,=(0.9+j0.2)p.u;

V,,=(0.1+j0.1)p.u; V,=(0.1+j0.05)p.u and I,,=(0.9-j0.1) p.u; I,=(0.2-j0.1)p.u;

I.0=(0.05-j0.02)p.u. Find the three phase complex power in p.u and in MAV on a

base of 100MVA. Also compute the active and reactive powers.

Solution:

Here, the sequence components are given in p.u Hence, the total three phase

power is given as,

Sp.u=(Va0 Lo*+Va Li*+V,, Iaz*)
={(0.1+j0.05)(0.05-j0.02)*+(0.9+j0.2)(0.9-j0.1)*+(0.1+j0.1)(0.2-j0.1)*}
={(0.1+j0.05)(0.05+j0.02)*+(0.9+j0.2)(0.9+j0.1)*+(0.1+j0.1)(0.2+j0.1)*}
=(0.817+j0.3126)p.u

Next, S=S,.xSs

=(0.817+j0.3126)x100 MVA =(81.7+j31.26)MVA

We have, S=P+jQ=(81.7+j31.26)MVA

Therefore,

The active power is P=81.7MW

The reactive power is Q=31.26MVAR

Example 3.15:

In a three phase four wire system, the sequence voltages and currents are:

V.;=0.9,10°.u; V.,=0.25,110°.u; V,=0.12,300°p.u and 1.,,=0.75,25° p.u;

1.,=0.15,170°p.u; 1.,=0.1,330°p.u. Find the complex power in p.u. If the neutral

gets disconnected, find the new power.

Solution:

The total three phase power in pu is given as,

Spu=(Vao Lo*+Va Li*+V,, 1,%)
=(0.12,300°)(0.1.330°)*+(0.9.10°)(0.75.25°)*+(0.25,110°)(0.15,170°)*
=(0.12,300°)(0.1,-330°)+(0.9.10°)(0.75,-25°)+(0.25,110°)(0.15,-170°)
=(0.68-j0.212)p.u

When the neutral gets opened, then I,,=0. Hence the new power is,

Sou'=(Vay Li*+V,, 1,%)

=(0.9,10°)(0.75.25°)*+(0.25,110°)(0.15,170°)*
=(0.9,10°)(0.75,-25°)+(0.25,110°)(0.15,-170°)
=(0.67-j0.206)p.u.
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4.1 Introduction:

In previous chapter, we have discussed the sequence components for
voltages and currents. Let us now consider the impedances offered to positive,
negative and zero sequence currents in symmetrical circuits. In symmetrical
circuits, currents of a given sequence produce voltage drops of the same sequence
only. Before attempting a proof for this, let us define sequence impedances.

The impedances offered by the circuit for the flow of positive sequence
currents is called as positive sequence impedance. Similarly, the impedance offered
by the circuit for the flow of negative sequence currents is negative sequence
impedance and zero sequence currents is zero sequence impedance.

4.2 Sequence impedance of a symmetrical circuit:

In this section, we show that in a symmetrical circuit, currents of a given
sequence produce a voltage drop of the same sequence only.

Consider a three phase symmetrical circuit as shown in fig 4.1. Let I,, I, and
I. be the currents in each line. These currents return via the neutral(ground)
impedance Z, as shown.

1, Z

----- o e R e
/5 Z

----- g s N Lo iy
I Z

————— e e A

Z L=l 41+,
Fig. 4.1

The voltage drops are computed as follows:
V.=L.Z+1,.Z,
=L.Z+(L+I,+1.)Z,

=L.(Z+2Z)+L,.Z.+1Z, 4.1
Similarly,
V=1 Z +1(Z+Z)+1Z, o 4.2
and V.=1..Z,+1,.Z,+1(Z.+Z,) cevvivviiniiinnnnn. 4.3

In matrix form, the above equations can be expressed as:
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i
Va Z+Z’l ZI‘I ZI‘I [a
Vel = Z, Z+Z, Z, Il s 4.4
.VC Z, Z, Z+Z, I,
Expressing the voltages and currents by their sequence components, we get.
1o 1] (V. z+z, 7, Z, IR I
1 612 a Val = Zn Z+Zn Zn 1 a2 a Ial
1 a o Ve Z, Z, Z+Z, 1 a I,
or,
Va(} 1 1 Z+Zn Zn Zn 1 1 IaO
Va] =(1/3) 1 a a2 Zn Z+Zn Zn 1 a2 1(11
| Vo) 1 a a Z, zZ,  Z+Z, 1 a d I,
Vo Z+3Z, 0 0 1,
Val = 0 Z 0 T I 4.5
lVaZ 0 0 7 1,

Namely, positive sequence, negative sequence and zero sequence in this
manner the three sequences may be solved individually. Once the problem is
solved in terms of symmetrical components. It can be transformed back to the
actual circuit conditions.

This gives relationships
Va.o=(Z+3Z,)1
V,=2Z.1,
V.,=2Z.1,

The above equations indicate that in symmetrical circuits, currents of given
sequence produce voltage drops of the same sequence only, i.e the sequence
impedances are uncoupled in case of symmetrical circuits. Accordingly the problem
can be effectively broken down into three separate systems.

Also, as per definition of sequence impedances, we have the three sequence
impedances as,

Zo=V./l.w=2+3Z,=Zero sequence impedance
Z,=V,,/1.,=Z=positive sequence impedance
Z,=V,/1.,=Z=negative sequence impedance

From the above results, we can conclude that for a symmetrical static circuit
(like that of transformers of fully transposed transmission lines).

i) The positive sequence impedance is the same as the negative sequence

impedance.
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ii) Zero sequence impedance is much larger than the positive (or negative)
sequence impedance. In the absence of the neutral, Z,= o

therefore,
Z,= o0 and hence I,,=V.,/Z,=V./o0o=0, as expected.
Example 4.4:

Across a star connected symmetrical impedance load of 10Q in each phase and a
neutral impedance of 3.33Q, an unbalanced three phase supply with V,=220.0°,
V,=200,110° and V.=180,-110° is applied. Determine the line currents using
symmetrical components.

Solution:

since the circuit is symmetrical, we have

2,=2,=10 Q

and, Z,=2+3Z,=10+3(3.33)=20 Q

carefully observe the phase voltages shown in fig 4.2

Vi

110°
110°

V.  Fig.42

It can be seen that phase sequence is acb. Hence in the equations for the
determination of sequence components of phase voltages, the subscripts b and c
should be interchanged.

Hence,
Va1=(1/3) (Va + a. Vc+ a2 W)
=(1/3) (2200°+180,(-110°+120°)+200,(110°+240°))
=198.07,-0.33° volts.
Va2=(1/3) (Va + a%. Vc+ a. W)
=(1/3) (2200°+180(-110°+240°)+200,(110°+120°))
=9.56,-147.7° volts.
Vo= (1/3) (Va + Vct V)
=220,.0°+180,-110°4+200,110°
=30.64,11.77° volts.

Now,
Ia1=Va1/Zl
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=(198.07,-0.33°)/10
=19.807,-0.33° A
Ia2=Va2/Zz
=(9.56,-147.7°)/10
=0.956,-147.7° A
IaO=VaO/ZO
=(30.64,11.77°)/20
=1.532,11.77° A
The line currents are,
L.=I,+I.,+I.,
=1.532,11.77°+ 19.807,-0.33 +0.956.-147.7°
=20.49,.-0.87° A
I,= I,+a.l.,+a%.I,, (for phase sequence acb)
=1.532,11.77°+ 19.8074(-0.33°+120°) +0.956(-147.7°+240°)
=20.272114.4° A
I.= I,+a%.1,,+a.l,,
=1.532,211.77°+ 19.807(-0.33°+240°) +0.956,(-147.7°+120°)
=18.85,-113.86° A

Example 4.2:

Prove that a three phase symmetrically wound alternator generators only positive
sequence components of voltages.

Fig. 4.3

Solution:
Fig. 4.3 depicts an unbalanced synchronous generator. E,, E,, E. are the

induced emfs of the three phases. Since the windings are symmetrical, the induced
emfs are perfectly balanced.

Let,
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|E.|=|Eo| =|Ec| =V,
Then, if follows that (assuming a abc phase sequence)
E.=V,£0°
E,=V,2-120°
E.=V,2120°
Hence the sequence components of voltages are,
E.o=(1/3)(E.+Es+E)
=(1/3)(V,20°+V,2-120°+V,.120°)
=0
E..=(1/3)(E.+a.E,+a’E.)
=(1/3)(V,20°+V,2(-120°+120°)+V,£(120°+240°))
=V,
=E,
E..=(1/3)(E,+a*.E,+a.E.)
=(1/3)(V,20°+V,£(-120°+240°)+V,2(120°+120°))
=0
From the results obtained above, it can be inferred that a three phase
symmetrically wound alternator generators only positive sequence components of
voltages.

4.3 Sequence Networks of power system elements:

Power system elements namely transmission lines, transformers and
synchronous machines have a three phase symmetry because of which when
currents of a particular sequence are passed through these elements, voltage
drops of the same sequence appear. Each element can therefore be represented by
three decoupled sequence networks on a single phase basis. The impedance or
reactance diagram formed using positive sequence impedance is called positive
sequence network. Similarly the impedance or reactance diagram formed using
negative sequence impedance is called negative sequence network. Similarly the
impedance or reactance diagram formed using zero sequence impedance is called
zero sequence network.

The sequence networks are very useful in the analysis of unsymmetrical
faults in the power system. In unsymmetrical fault analysis of a power system, the
positive, negative and zero sequence networks of the system are determined and
then they are interconnected suitably to represent the various fault conditions. The
sequence currents and voltages during the fault are then calculated from which
actual fault currents and voltages can be found. Before proceeding to these fault
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analysis, we must know the equivalent circuit presented by the power elements to
the flow of positive, negative and zero sequence currents respectively.

4.4 Sequence and networks of

generator:

Consider the three phase equivalent circuit of a synchronous generator
shown in fig.4.4. The neutral of the generator is grounded through a
reactor(impedance Z,). When the generator is delivering a balanced load or under
symmetrical fault conditions, the neutral current is zero. But when the generator is
delivering an unbalanced load or during unsymmetrical faults neutral current in
flows to neutral from ground via Z,.

impedances synchronous

Fig. 4.4

Here, E,, E, and E. are the induced emfs of the three phases. I,, I, and I. are
the currents flowing in the lines when a fault(not shown in the figure) takes place
at machine terminals. Since a synchronous machine is designed with symmetrical
windings, it induces emfs of positive sequence only (This fact is proved in example
4.2).Fig.4.5a shows the three phase positive sequence network model of the
synchronous generator Z, does not appear in the model as I,=0 for positive
sequence currents. E,;, E,; and E, are the positive sequence generated voltages
and Z, is the positive sequence impedance. Because of the balanced and
symmetrical nature of the system, the three phase system can be replaced by a
single phase network as shown in fig 4.5b.
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Using the notation E for generated voltage and V for the terminal voltage,
the equation that holds good for positive sequence network is,
Va=E.,-1..Z,=E.-1..Zy oo 4.10

The per phase positive sequence impedance Z; in the above case is the
subtransient, transient or steady state reactance of the machine depending on
whether subtransient, transient or steady state conditions are being studied.

The negative sequence network models of a synchronous generator on a
three phase and single-phase basis are shown in fig 4.6a and 4.6b respectively.
Negative sequence voltages are not present in the equivalent circuits, as they are
not generated in the synchronous machine. However, due to a fault or an
unbalanced load, negative sequence currents can flow in the machine. Since
negative sequence currents do not flow in the neutral, Z, does not appear in the
model.

>t

la
n = :>

(@) (b)

The equation that holds good for the negative sequence network is,
Vaz='Iazzz ............................ 4.11

It is known that the phase sequence of negative sequence currents is
opposite to that of the phase sequence of positive sequence currents. With the flow
of negative sequence currents in the stator of rotating field is created which rotates
in the opposite direction to that of the positive sequence field and, therefore, at
double synchronous speed with respect to the rotor. Currents at double the stator
frequency are therefore induced in rotor field and damper winding. In sweeping
over the rotor surface, the negative sequence mmf is alternately presented with
reluctances of direct and quadrature axis. The negative sequence impedance
presented by the machine with this consideration is often defined as,

Z,=3((X"+X4")/2) ;12| <|Zs| v, 4.12

It is the zero sequence currents that flow in the neutral during an unbalance
or faulty condition (I,=3.I, refer section 3.8). The impedance offered by the
synchronous generator to zero sequence currents depend on grounding of the
neutral (star point). For a synchronous generator whose star point is grounded
through an impedance Z,, the zero sequence network models are as shown in
fig.4.7.
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Reference

m)

Fig. 4.7

A current of 3.1, produces a drop of (3 I,.Z,) in the neutral impedance Z.. To
show in the single phase equivalent zero sequence network the same drop where
current I,, flows, the impedance should be 3Z,. Also, Z, is the per phase zero
sequence impedance of the machine and is numerically equal to the leakage
reactance of the machine. The total zero sequence impedance of the machine
hence is,

When the star point is solidly grounded i.e directly shorted to the ground),
Z,=0. Therefore in such a system Z,=3(0)+Z,=2Z,. The zero sequence networks in
this case are as shown in fig 4.8.

(a) (b)
Fig. 4.8

When the star point is grounded, Z,=c0, Therefore eq. 4.13 becomes Z,=00+Z,=c0.
The zero sequence networks for a ungrounded generator is as shown below.

Ly

o et

Vo

Reference l

(a) (b)
Fig. 4.9
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The open circuit between the reference bus and per phase zero sequence
impedance Z, represents infinite zero sequence impedance. The general equation
applicable for a zero sequence network is,

Va0= -IaO-ZO ............................ 4.14
Note:

The sequence networks of synchronous motors are same as that of synchronous
generators only with the direction of current flow reversed.

4.5 Sequence Impedance and networks of three phase
transformer.

A transformer is a static device and hence it does not have anything like a
phase sequence by itself, unlike that of a three phase synchronous generator or a
synchronous motor. For this reason, the impedance of a transformer is
independent of phase sequence of applied voltages. Hence for any three phase
transformer, the positive and negative sequence impedances are identical and each
equals the leakage reactance of the transformer. i.e

Zl=Zz=Xleakage ................................ 4.15

The positive and negative sequence networks are shown in fig. 4.10a and
4.10b respectively.

7 d
O BT
Reference Reference
(a) {b)

Fig. 4.10

The zero sequence impedance will be equal to positive (or negative)
sequence impedances if there is a path for zero sequence current and will be
infinity if there is no path for zero sequence currents. The following general
observations can be made for zero sequence currents in transformers.

1) If the neutral point (star point) in the star connected winding is not
grounded, then there is no path for zero sequence currents in the legs of star
connection. i.e, the zero sequence currents flows in the star connected winding and
in the lines connected to the winding only when the neutral point is grounded.

2) No zero sequence currents can flow in the lines connected to a delta
connection as no return path is available for these currents. Zero sequences
currents can however, flow in the legs of a delta-such currents are cause by the
presence zero sequence voltages in the delta connection.
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Based on the above observations the zero sequence network of three phase
transformer can be obtained for any configuration. There is, however, a mechanical

way of obtaining the zero sequence networks for any configuration of a three phase
transformer (this as well caters the conditions specified above).

The general circuit for any configuration is given in fig4.11.

Zy

4@'01_]\_.

secondary

I

T
pri ‘/

Fig. 4.11

Z, is the per phase zero sequence impedance of the winding of the
transformer. There are two series and two shunt switches. One series and one
shunt switch for both the sides separately. The series switch of a particular side is
closed if it is a star connection with its neutral grounded and the shunt switch is
closed if that side is delta connected, otherwise they are left open.

Using the above general rule, the zero sequence network for some of the
configurations of three phase transformer are presented in table 4.1.

| conmcuRaTIon

____W-_ =
F * = B "'_s — = - - "_._féi'!! =
A 0 b T e e
2 4 B g | ]
| — — = : |
2 3 S . r___rote . #
' :?% -WE'"aq ’fj\% P I = |
r o e — SRS
?__l 5 ‘1_. rﬁ 5
: P = 5 E % — 1111} _[ - L4 - 1t ___!
—ég_: Ay o i =
o — [ | | | | = Refermnce
%E‘ i . z-;_rué‘n. T - nnr‘m —
| F£XEN T |
- A A _._I!.__I '_rw | | ) | Sl I
| r S s £ ™, . —y 'T:;l'ﬂl ;’ﬁ- =1 e ';aiLrl?l'Slil_q
| 3§ ! E
g ""‘1"-? _LwEu . %y r )J = Befeernce
= R e ]
W ; St | i A
Elr j E’?TJ%*J = ] J.,:.-. Befenence |

4.6 Sequence impedances and networks of transmission lines.

The series impedance of a transmission line, since it is a static apparatus, is
the same for both positive and negative sequence currents. Hence the positive and

negative sequence impedances of a transmission line are identical and can be
obtained as follows:
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Z,=2Z,=X, ohms/phase/unit length  ........c.cciiiiiiiiiinne. 4.16
Where,

X.=w.L, L=inductance/phase/unit length. This can be computed(for any
symmetrically or unsymmetrically spaced transposed single circuit or double circuit
transmission line) using the formula.

L=2(10") log.(GMD /GMR) H/m/phase ........c.ccccvvvnenens 4.17

Here GMD is the Geometric Mean Distance of the spacings of the conductors
between the phase and GMR is the Geometric Mean Radius of each of the three
phases.

However, the zero sequence impedance of a transmission line is of different
nature from that of positive and negative sequence impedances. Since the three
zero sequence currents of the three phases are in phase, it necessitates a return
path either in the ground or in a neutral or in a ground wire. This involves the
understanding of current flow and distribution in the ground (earth). Since the
ground impedance is heavily dependent on soil conditions, it is essential to make
some simplifying assumptions for calculating the zero sequence impedance of a
transmission line. Carson's formulas are generally used to compute Z, of
transmission line. These formulas relate the zero sequence impedance of
transmission lines to the physical dimensions of conductors, earth's resistivity,
operation voltage and other factors.

Once the positive, negative and zero sequence impedances of the
transmission line is known, the corresponding sequence networks can be easily
drawn as shown in fig 4.12.

4.7 Construction of sequence networks of a power system.

In the previous sections the sequence networks of important power system
elements have been discussed. Using these, complete sequence networks of a
power system can be easily constructed. To start with, the positive sequence
network is constructed by examination of the one-line diagram of the system. The
transition from positive sequence network to negative sequence network is straight
forward. Since the positive and negative sequence impedances are identical for
static elements (like transformers and transmission lines), the only change
necessary in positive sequence network to obtain negative sequence network is in
respect of synchronous machines. Each machine is represented by its negative
sequence impedance, the negative sequence voltage being zero.

Zero sequence subnetworks for various parts of a system can be easily
combined to form complete zero sequence network. No voltage source is present in
the zero sequence network. Any impedance (Z,) included in generator, motor or
transformer neutral becomes three times (3Z,) its value in a zero sequence
network. Special care needs to be taken of transformers in respect of zero
sequence network.
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The procedure for drawing sequence networks is illustrated through the
following examples.

Example 4.3:
A 250 MVA, 11kV, 3 phase generator is connected to a large system through a
transformer and a line as shown in fig below.

&1 38 —+© mm
+# A Yy 6%

Fig.4.13

Generator: X;= X, = 0.15 p.u, X,=0.1 p.u

Transformer: X;= X, = X,= 0.12 p.u

Line: X;= X, = 0.25 p.u, X,=0.75 p.u

Equivalent system: X;= X, = X,= 0.15 p.u

Draw the sequence network diagrams for the system and indicate all per unit
values.

Solution:

all reactances are give with respect to a common base in this problem. Hence we
can directly construct the sequence network as follows:

Positive sequence network (PSN):
jo.12 j0.25

BNSRN (117) S 1] ) (—
j0.15 éjﬂ.lﬁ

E, L
__ Referencebus |-
Fig. 4.14
Negative sequence network (NSN):
j0.12 j0.25
(1 | I—

j0.15 j0.15
Reference bus
Fig. 4.15
Zero sequence network (ZSN):
jo.12 j0.25
iﬂ.l% %jﬂ.]ﬁ
Fig. 4.16
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Example 4.4:

Draw the positive, negative and zero sequence networks for the power system
shown in fig 4.17.

ﬁ v Y} Aug. 2001 (VTU)
0, 0—(2)
W | e e
L v b - /¥

X= 5% at 4 X =5%al
machine - | raling Fig.4.17 machine - 2 rating

Choose a base of 50MVA, 220kV in the 50Q transmission lines and mark all
reactances in p.u. The ratings of the generators and transformers are:

Generator 1: 25MVA, 11kV, X"=20%.

Generator 2: 25MVA, 11kV, X"=20%.

Three phase transformer (each): 20MVA, 11 Y/220 Y kV, X=15%.

The negative sequence reactance of each synchronous machine is equal to the
subtransient reactance. The zero sequence reactance of each machine is 8%.
Assume that the zero sequence reactance of lines are 250% of their positive
sequence reactances.

Solution:

base values:

We choose a given,

base MVA=50

base kV on 50Q transmission lines=220
base kV on generator 1=220(11/220)=11
base kV on generator 2=220(11/220)=11

sequence reactances of generators:
Since the ratings of the machines are the same, their reactances are also the
same.
Positive sequence reactance=X";;=subtransient reactance on new base.
X1, 0en = X610 X ( (MVA)g, new/ (MVA)g ) X ( (KV)%s 00/ (KV)?g, new )
=3j0.2 x (50 /25) x (11%/ 11?)
=j 0.4 p.u
Negative sequence reactance=X"s;;=subtransient reactance on new base.
=j0.4 p.u (as per given data)
Zero sequence reactance=XG0=8% on new base
= j0.08 x (50 /25) x (11%/ 11?)
=j0.16 p.u
p.u value of generator neutral reactance=XGn=5% on new base.
= j0.05 x (50 /25 ) x (112 / 11?)

=j0.1 p.u.
Sequence reactances of transformers:
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Since the ratings of all transformers are identical, their sequence reactances
should be one and the same. Also, all the three sequence reactances of
transformers are the same.

Hence positive sequence reactance=Negative sequence reactance
=Zero sequence reactance
Xp.u, new — Xp.u, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
=j0.15 x (50 / 20 ) x (220%/ 220?%
=30.375 p.u

Sequence reactance of transmission lines:
Since the transmission line is a static apparatus, its positive and negative
sequence reactances are one and the same.
Hence, Xr:=Xm= Xn( Q ) X(MVA):/ (kV)%= j50 x 50/ 220%= j0.052p.u
However, it is given that the zero sequence reactances of transmission lines
are equal to 250% of their positive sequence reactances.
Therefore,
X zer=2.5(j0.052)=j0.13p.u
Using these computed values, the sequence networks are drawn as below.

Positive sequence network (PSN):

j0.375  jo052  j0.375
(00T G001

j0.375  jo.052  j0.375
MO0 (500) 0.4

Reference bus
Fig. 4.18

Negative sequence network (NSN):
j0.375 j0.052 j0.375
15001 o001 (G001

j0.375  j0.052 §0.375
G401 000

j0.4 j0.4

Reference bus

Fig. 4.19

Zero sequence network (ZSN):
0375 013 j0.375

O S (|
_’7 0375 0.3 0.375 ‘
i0.16 i LU i0.16

(j0.1 % 3)=j0.3 (i0.1 % 3)=j0.3
' Rélgreiice tnk
Fig. 420
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Note:

While drawing zero sequence networks, carefully follow the steps.

Example 4.5:
For the power system whose one line diagram is shown in fig 4.21. Sketch the zero

sequence network.
0 I g Xn % T

Fig. 421

Solution:
The zero sequence network is as shown below.

(T XML X(TLy) X(Ts)

X(G) X(Ty
?Ma,)
, Xy(Gy)
o
Fig. 422

Example 4.8:
Draw the sequence networks of the simple power system shown in fig. 4.24.

Positive sequence network (PSN):

XLy

X, (T,)
X,(Gy) X, (L) X,(Gy)
Eg Em
Reference bus
Fig. 4.25
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Negative sequence network (NSN):

X(Ly)

X,(Ty)
X(Ly)

gxz{ni}

XA(Gy)

Reference bus

Fig. 4.26

Zero sequence network (ZSN):

X,(G)) Xoll)

Reference bus

Fig. 4.27

Example 4.9:

The one line diagram of a power system is shown in fig 4.28.
The ratings of the devices are as follows:

G; & G;: 104MVA, 11.8kV, X,;=X,=0.2p.u; X=0.1p.u.

T, & T,: 125MVA, 11Y-220Y kV, X;=X,=X,=0.1p.u.

T; & T,:120MVA, 230Y-6.9Y kV, X;=X,=X,=0.12p.u.

M,: 175MVA, 6.6kV, X,;=X,=0.3p.u; X,=0.15p.u.

M,: 50MVA, 6.9kV, X;=X,=0.3p.u; X,=0.1p.u.

Transmission line reactances: X;=X,=30Q; X,=60Q.

@( ) ig' TL-A g ﬁ
¥ %

;Y A
(o3 ns |HE-o
Y Y" Fig. 4.28 ‘F\{ &

Draw the sequence impedance diagram in p.u on a base of 200MVA, 220kV in the
transmission lines. Also, find the equivalent positive sequence impedance as seen

from the mid point of line-B.

Solution:

Base values:

We choose from give,

base MVA=200 MVA

base kV on the transmission lines=220
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base kV on the generators G; & G,=220(11/220)=11

base kV on the motors M; & M,=220(6.9/230)=6.6

Reactances of G; & G;:

X;i=X;= Xp.u,old X ( (MVA)B, new/ (MVA)B,old) X ( (kV)ZB,old/ (kV)ZB, new )
=j0.2 x (200 /104 ) x (11.8%/ 11?)
=3j0.44 p.u

Xo=3jO0.1 x (200/ 104 ) x (11.8%/ 11?)

=j0.22p.u

Reactances of transformers T, & T,:(calculated on primary side of them),
Xi =X, =Xo = Xp.u,old X ( (MVA)B, new/ (MVA)B,oId) X ( (kV)ZB,oId/ (kV)ZB, new )

= j0.1 x (200 / 125 ) x (11%/ 11?)

= j 0.16 p.u

Reactance of transmission lines:
Xin=Xon= Xn( Q ) x(MVA)s/ (kV)%= j30 x 200/ 220°= jO0.124p.u
XOTL= J6O X 200 / 2202= JO.248p.u

Reactances of transformers T; & T,:(calculated on primary side of them),
Xl =><2 =X0= Xp.u, old X ( (MVA)B, new/ (MVA)B, old) X ( (kV)ZB, old/ (kV)ZB, new )
=3j0.12 x (200 / 120 ) x (2307 / 220%)
=j0.22 p.u

Reactances of M;:
X1 =Xo= Koo X ( (MVA)g, new/ (MVA)g, ) X ( (KV)%, 00/ (KV)%, new )
= j0.3 x (200 / 175) x (6.6%/ 6.6?)
=3j0.342 p.u
X, = j0.15 x (200 / 175 ) x (6.6%/ 6.6°)
=j0.171p.u

Reactances of M,:

X1 =Xo= Koo X ( (MVA)g new/ (MVA)g, aa) X ( (KV)%, 00/ (KV)%5, new )
= j0.3 x (200 / 50 ) x (6.9?/ 6.6%)
=j 1.31 p.u

Xo=3j0.1 x (200 /50) x (6.9%/ 6.6%)

=j0.4372 p.u
Using these values, the sequence networks are drawn as below.
Positive sequence network (PSN):

Reference bus

Fig. 4.29
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Negative sequence network (NSN):

j0.16 J j0.22

j0.44

Reference bus

Fig. 4.30

Zero sequence network (ZSN):

516 i0.248 j0.22

j0.4372

e bus

Fig. 4.31

To find equivalent positive sequence impedance as seen from mid point of line-B:
The PSN is redrawn as in fig 4.32(shorting the voltage sources)

j0.124

j0.062 j0.062

. P
j0.6 EM o g gi] 53

—
Cad

Fig. 4.32

The mid point of line-B is marked as 'P' and point 'n' is a point in the reference.
Using elementary circuit theory, the network of fig 4.32 can be simplified as shown
in fig 4.33

jo.062 | jo.062
(@

Fig. 4.33

Consider the delta connected network of fig 4.33b, it cab be converted to its
equivalent star connection as shown below.
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03 j0.4

/(50
j0.124

Fig. 4.34

Putting this back into fig 4.33b and simplifying, we get

jo.146 j0.146

jo.22 jo.107 j0.057

Fig. 4.35

Hence the equivalent positive sequence impedance as seen from the point P is,

(jO0.146+j0.057)=j0.203 p.u.
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5.1 Introduction:

The concept of faults has been already introduced in chapter 2 which was
dedicated to the treatment of symmetrical faults. In this chapter, we shall deal
with unsymmetrical faults. The unsymmetrical faults are basically categorized into
two types, namely,

1)Shunt type of faults and
2)Series type of faults.

Shunt type of fault involves short circuit between conductors or between the
conductors and ground. They are characterized by an increase in current and fall in
voltage and frequency in the faulted phase. Shunt type of faults are in turn
classified as:

1)Single line to ground (LG) fault
2)Line to line (LL) fault
3)Double line to ground (LLG) fault.

When one or two lines in a thee phase system get opened while other lines
or line remain intact, such faults are called as series type of faults. They are
characterized by increase in voltage and frequency and fall in current in the faulted
phase series type of faults cab be grouped as:

1)One conductor open fault
2)Two conductor open fault

We will individually consider each of these faults in this chapter. Before that,
let us look into the typical relative frequencies of different kinds of faults in a
power system in order of decreasing severity.

Symmetrical faults (3L) -5%

Double line to ground (LLG) faults -10%
Double line (LL) faults -15%

Single line to ground (LG) fault- 70%

It can be observed that three phase faults (3L) has the maximum severity,
though its occurrence is infrequent. Hence the rapturing capacity of circuit breakers
are calculated on the basis of a three phase symmetrical fault. However, for relay
setting, single phase switching and performing the system stability studies, the
analysis of unsymmetrical faults are very important. Since any unsymmetrical fault
causes unbalanced currents to flow in the system, the method of symmetrical
components is very useful in an analysis to determine the currents and voltages in
all parts of the system after the occurrence of the fault. Also the sequence
networks of the system will come quite handy in this process. First, we shall
discuss fault at the terminals of an unloaded synchronous generator. Then, we
shall consider faults on a power system by applying Thevenin's theorem, which
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allows us to find the current in the fault by replacing the entire system by a single
generator (voltage source) and series impedance.

5.2 Fault calculations of synchronous generator.

Consider a balanced three phase synchronous generator (alternator), which
is subjected to some unsymmetrical fault F at the terminal, as shown in fig 5.1.

d ' -
F

The fault may be unsymmetrical one. But to the left of the fault point F, the
system (alternator) is completely symmetrical. Hence, in such a system, currents
of a given sequence produce voltage drops of the same sequence only. The
sequence impedances are uncoupled. Since the generates balanced voltages only
(positive sequence voltages only), the following equations are applicable to a
synchronous generator, even during an unsymmetrical fault.

Va1=Ea_Ia1. Z1 .............. 5.1
Va2=_Ia2- Zz ................. 5.2
Vao='Ia0.Zo ................. 5.3

These equations cab be called the system equations. For any fault at the
terminals of synchronous generator, the quantities that are to be determined are
the three sequence currents (I.;, 1., I.,) and the three sequence terminal voltages
(V., Va2, Va). Out of the six unknowns, only three quantities are linearly
independent. Hence to determine these three linearly independent quantities, three
terminal conditions are to be specified for any type of fault at the terminals of the
generator.

Before proceeding to the analysis of faults at the terminals of an unloaded
generator, it is good enough to remember that the single phase representation of
the positive sequence network of a synchronous generator consists of positive
sequence generated emf E,, in series with positive sequence impedance Z,(fig
4.5b). The negative sequence network consists of negative sequence impedance Z,
with no negative sequence generated voltage (fig 4.6b). The zero sequence
network consists of zero sequence impedance Z, with no zero sequence generated
voltage (fig 4.7b).
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5.2.1 Single line to ground (LG) fault on an unloaded generator:

The circuit diagram for an LG fault on an unloaded star connected generator
with its neutral grounded through a reactance is shown in fig 5.2. Here it is
assumed that phase a is shorted to ground directly. The condition at the fault are
represented by the following terminal conditions.

Terminal conditions:

V.=0 5.4
=0 5.5
I=0 5.6

These three terminal conditions in terms of line currents and phase voltage
are to be transformed to conditions in terms of symmetrical components.

—r L=k

Fig. 5.2

Symmetrical components relations:

Since two conditions are available regarding the line currents, it is convenient
to transform them to conditions in terms of symmetrical components.

Lo=(1/3)(L.+I,+1.)=(1/3)(1.+0+0)=(1/3).1,
L.=(1/3)(I.+a.l,+a%1.)=(1/3)(1.+0+0)=(1/3).1,
I..=(1/3)(1.+a%l,+a.l.)=(1/3)(1.+0+0)=(1/3).1,

SO Li=l,=L,=(1/3).1. 5.7
The terminal conditions V,=0 gives,
VaO+Va1+VaZ=O ............................. 5.8

As per eq. 5.7, all sequence currents are equal and as per eq. 5.8, the sum
of sequence voltage equals zero. Therefore, these equations suggest a series
connection of sequence networks through a short circuit as shown in fig 5.3.

Interconnection of sequence networks:

LI ‘a2 al
Iy
Z 3Z,,
l+ V., z, Va | %o|
En=Es() i
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Sequence quantities:
The following relations can be directly obtained from fig 5.3

Li=lu=10=E. / (Zi+Z:+Z0)  coeiiiiieiei e, 5.9
V.=E. - 1...Z,= E, - (E./(Z:+Z,+Z,).Z,

=E.((Z,4Z0) / (Zi+Z:4Z0)) e, 5.10
Vio=-1,2.2,= ~(E..Zs [(Zi+Z34Z0))  eeeeeeeieeeeneen, 5.11
Vao= “L0.Z0 = ~(EaZo /(Zi+Z2%+7Z5))  evvveiiiineenannn, 5.12

Fault current;

The fault current If in this case is equal to the current in phase a i.e I.. Hence
the fault current is given as,

I=1.=3.1., s in view of eq. 5.7

=3(E, /(Zi+Z:+Z0))  eveeiriiiiiiinenns 5.13
In case the neutral of the generator is not grounded, then
Z2,=2,0+3Z,=Z,+0=0c0. Therefore, the fault current in such a condition is,
If=3(E, /(Z:+Z,+00)=0 ..o, 5.14

Thus, it can be inferred that fault current in the system is zero if the neutral is not
grounded in the case of an LG fault.

5.2.2 Line to line (L-L) fault on an unloaded generator:

The circuit diagram for an LL fault on an unloaded star connected generator
with its neutral grounded through a reactance is as shown in fig 5.4. Here it is
assumed that phase b and phase c are shorted.

Fig. 5.4

Terminal conditions:
The condition at the fault are expressed by the following terminal conditions:
I.=0 5.15
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Ib+IC=0 i.e. Ic= 'Ib .......................... 5.16
Vo=Ve 5.17

Symmetrical components relations:
Since there are two conditions regarding current, analysing them first, we get
Lo=(1/3)(I.+1,+1.)

=(1/3)(0+1,-1,)

=0 in view of eq. 5.16
L.=(1/3)(1.+a.l,+a%1.)

=(1/3)(0+a.I,-a°.1,)

=(1/3)(a-a?).1,

I..=(1/3)(1.+a%I,+a.l.)

=(1/3)(0+a%1,-a.1,)

=(1/3)(a%*a).l,
So, we have,
Lo=0 5.18
L= =L 5.19
Regarding sequence terminal voltages,
V..=(1/3)(V.+a.V,+a%.V.)

=(1/3)(V.+(a+a%)Vy) i in view of eq. 5.17

=(1/3)(V.-Ve) i, because a+a’= -1
V,,=(1/3)(V,+a2.V,+a.V.)

=(1/3)(V.+(a%+a)V.) e, in view of eq.5.17

=(1/3)(Va-Vo)
Since 1,,=0; the zero sequence terminal voltage
Vao= -10.2Zo= -0.Z, =0
so, we have
Vao=0 e 5.20
Vo=V 5.21

Equations 5.19 and 5.21 suggest parallel connection of positive and negative
sequence networks. Since I,,=V.,,=0, the zero sequence networks is connected
separately and shorted on itself as shown in the following diagrams.

Interconnection of sequence networks:
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0

é;g Va 202‘0 V=0

(b)
Fig. 5.5

Sequence quantities:
The following relations can be directly obtained from fig 5.5

Ialz 'Iaz =Ea / (Zl+ZZ) ..................................... 5.22
IaO=VaO=O ........................................ 5.23
Va1=Va2=Ea - Ial.Zl = Ea (Zz/zl+22)) ...................... 5.24

Fault current:
The fault current in this case is,
I=1, (or L)
=I,c+a%l.,+a.l.,
=0+(a%a)l.
= -jV3I.
or |I]=V3 1. = V3(E./ (Z:+Z,)) e 5.25

In case the neutral is not grounded, then Z,=Z,+3Z,=Z,+0c0=00. But since
the expression for fault current is independent of the value of Z,, the presence or
absence of a grounded neutral at the generator does not affect the fault current.

5.2.3 Double line to ground (LLG) fault on an unloaded generator:

The circuit diagram for an LLG fault on an unloaded star connected alternator
having grounded neutral is shown in fig 5.6. We assume that the fault takes place
in phases b and c.

Fig. 5.6
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Terminal conditions:

The conditions at the fault are expressed by the following equations:

Vb= ............................... 5.26
V=0 5.27
L=0 5.28

Symmetrical components relations:

Since there are the condition regarding the voltages analysing (transforming
to symmetrical components) then first we get.

Vao=(1/3)(V.+V,o+V.)
=(1/3)(V.+0+0)
=(1/3).V.
V..=(1/3)(V.+a.V,+a%.V.)
=(1/3)(V.+0+0)
=(1/3).V,
V..=(1/3)(V.+a*.V,+a.V.)
=(1/3)(V.+0+0)
=(1/3).V.
SO, Vao=Vai=Var i e 5.29
coming to sequence currents, we have,
I.=0
1€ Lo L4 = 0 oo 5.30

Equations 5.29 and 5.30 indicates that the sequence networks should be
connected in parallel as shown in fig. 5.7.

Interconnection of sequence networks:

Fig. 5.7

Sequence quantities:
The following relations can be directly obtained from the fig 5.7

V31=V32=V30=Ea=131.21 ..................................... 5.31
Ia1=Ea/ [Zl+{ZZZo/(Zz+Zo)}] .................................... 5.32
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Ia2= _Ial .[Zo/(Zz"'Zo)] ............................ 5-33
Ia0= _Ia1.[ZZ/(Zz+Zo)] ............................ 5.34

Equations 5.33 and 5.34 are direct consequences of current division formula.
Fault Current:
The fault current I; in this case is given by,
=141,
=(I.,+a%I,+a.l.,) + (Lo+a.l..+a%1.,)
=2I,+(a+a?)l,;+(a+a?)l.,
=21, - L., - I, because (a+a?*)= -1
=21, - (I, +1.,)
It can be observed from fig 5.7 that (I.,+1.,)= -I,.
Substituting this in the expression for fault current, we get
I[i=21. -(-1.0)
=3T00 e 5.35
=-3.1.,.[Z,/(Z2,+2Z,)]  ----===--m--- in view of eq. 5.34
If the neutral grounding is absent, then Z,=c0.
Therefore, Z,=Z4,+3Z,=Z,+00=00,
Hence,
I; = -31.,.[Z,/(Z,4+0)]
Therefore, I;=0 ..o, 5.36

Thus, it can be inferred that fault current in the system is Zero, if the neutral
is not grounded in the case of LLG fault.

5.3 Fault through impedances:

All the faults discussed in the preceding section consisted of direct short
circuits between line and between one or two line to ground. In these cases, the
impedance between the fault points is considered as zero. There may be situation
in which the fault path includes an impedance between the faulted points. In these
situation the analysis is carried similar to that of the previous section, except that
the fault impedance is concluded at appropriate points in the circuits obtained by
connecting sequence networks. Hence the theory is not elaborated in much detail.

5.3.1 Single line to ground (LG) fault on an unloaded generator through a fault
impedance:

The circuit diagram for an LG fault on an unloaded generator through a fault
impedance Z: is shown in fig 5.8.
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Fig. 5.8
Terminal conditions:

Vo=l Ze 5.37
I=0 5.38
I=0 5.39

Symmetrical components relations:
The following relations can be obtained from the terminal conditions
Lo=(1/3)(L.+1,+1.)
=(1/3)(1,+0+0)
=(1/3).1,
L.=(1/3)(1.+a.l,+a%.l.)

=(1/3)(I.+0+0)
=(1/3).1,

I..=(1/3)(I.+a%l,+a.l.)
=(1/3)(1,+0+0)
=(1/3).1,
SO Li=I,=T0=(1/3).I. 5.40
The terminal condition Va= 1,.Z; gives
Voot Var+ Vo= Zi=3.100.Zr i 5.41

As per equations 5.40 and 5.41 all sequence currents are equal and the sum of
sequence voltages equals 2.I1,,.Z;.. Therefore, these equations suggest a series
connection of sequence networks through an impedance 3.Z: as shown in fig 5.9.

Interconnection of sequence networks:
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Sequence quantities:

The following equations can be directly obtained from the fig 5.9

Lo=L=Ln=E, / (ZiAZoHFZoHF3Z)  eeeeeeeeeeeeeeeeeeeeeeenn, 5.42

Vo =Eo-1,1.Z,=Ey (Zo+ Zo+3Z0) /(Zi+Zo+Zo+3Z0)  eeveeeeeeeeennnnnn, 5.43
Vo= -1 Zs = “EuZs / (ZiAZoHZo+3Z0) e 5.44
Vao= -LoZo= -EoZo / (ZiAZoH4ZoHF3Z)  eeeeeeeeeeeeeeeeeennnnn, 5.45

Fault current:
The fault current in this case is given as,
If=Ia=3.IaO=3 [Ea/ (Zl+ZZ+Zo+3Zf)] .................................. 5.46

From the above expression, it can be observed that the fault current is reduced by
the fault impedance. Even in this case, if the neutral is left ungrounded, Z,=c

i.e Z,=o0 and hence I;=0.

5.3.2 Line to line (LL) fault on an unloaded generator through a fault impedance:

The circuit diagram for an LL fault on an unloaded generator through a fault
impedance Zf is shown in fig 5.10.
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=0 5.47
I,+I.=0; I=-I, ... 5.48
Vb=Vc+Ib.Zf ........................ 5.49

Symmetrical components relations:
The following relations can be obtained from the terminal conditions
Lo=(1/3)(L+I,+1.)
=(1/3)(L.+1:-1y)
=0
L,=(1/3)(I.+a.l,+a%l.)
=(1/3)(0+a.I,-a%1.)
=(1/3)(a-a*)L
I..=(1/3)(1.+a%I,+a.l.)
=(1/3)(0+a?.I,-a.l.)
=(1/3)(a*-a)L

SO, Lo=0 5.50
Ia1= 'Iaz .................................... 5.51
Next,

V..=(1/3)(V.+a.V,+a2.V.)

V..=(1/3)(V.+a% V,+a.V.)

Therefore,

V.i-V..= (1/3) [(a-a?)V,+(a*-a)V.]
=(1/3) [(a-a*)(V,-VJ)]

=(1/3) (a-a®)(1,.2) = mmmmmmmeeee- in view of eq. 5.49
= I...Z;
ThUS, Vai=Vat . Ze ittt 5.52
Since, 1,0=0, Vo= -1.0.Z0=0 e 5.53

Equations 5.51 and 5.52 suggest parallel connection of positive and negative
sequence networks through a series impedance Z: as shown in fig 5.11. Since
I..=V.=0, the zero sequence network is connected separately through a short as
shown in fig 5.12.

Interconnection sequence networks:
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Fig. 5.11 Fig. 5.12

Sequence quantities:
The following equations can be directly obtained from the diagrams shown above.

Li= -1, =E. / (Zi+Z2+Z) o, 5.54
Lo=Va=0 s 5.55
V..=E, - 1..Z,

=Bo(Zo4+Z:) /(Zi+Zo4Z) i 5.56
Vo= -1.,.7,

= - BE..Z, J(Zi+Zo4Z) i, 5.57

Fault current:
In this case the fault current is equal to the current in phase-b (or phase c). Hence
I=I,=I,+a%l,,+a.l.,

=0+a%l,; -a.l,,

=(a’ - a)l.,

= - jV3L,
or |I|=Vv3.1;

=V3.E / (ZiH+Z24Z) e, 5.58

Since Z, does not appear in the above equation, the presence or absence of a
grounded neutral does not affect the fault current.

5.3.3 Double line to ground fault (LLG) on an unloaded generator through a fault
impedance:

The circuit diagram for the aforesaid case is shown in fig 5.13
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=1+,

Fig. 5.13 c

Terminal conditions:
e 5.59
Vo=(Lo+1)Z: e 5.60
V=(L41)Ze e 5.61
Symmetrical component relations:
Consider,
V..=(1/3)(V.+a.V,+a°.V.)
=(1/3)[(V.+(a+a*)V,]
=(1/3)(Va-Vo)
V..=(1/3)(V.+a%V,+a.V.)
=(1/3)[(V.+(a*+a)V.]
=(1/3)(Va-Vs)
Va.o=(1/3)(V.+V,+V.)
=(1/3)(Va+2.Vy)
Thus,
Vai=Va 5.62
V. -V, =(1/3).3V,
=V,
=(L+1)Z: from eq. 5.60
=3 .Io. Z; -=------ This will be proved to the expression for fault current.
Thus, Vao=Va+3.Lo.Zr i 5.63
The condition I,=0 gives L+, +1.,=0  ..oiiiiiiiiiiinnnns 5.64
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Equations 5.62 , 5.63 and 5.64 suggest the connection of sequence network as
shown in fig 5.14.

Interconnection of sequence networks:

a2
3Z,
72 Vu? ZO Vaﬂ
Zgn
Fig. 5.14
Ial = Ea/ [Zl+{22.(32f+Zo)/(Zz+3Zf+Zo)}] ............................ 5-65
Ia2 =_Ia1- (Zo+3Zf)/(Zo+Zz+3Zf) ............................................ 5.66
Lo = -1...2,/(Zo+2Z,+3Z;) ;using current division €g.)....ccevvviiieiiinneiinnnn. 5.67

Equations 5.66 and 5.67 are obtained from the current division fromula.
Fault current:
In this case, the fault current is given as,
L=I,+1.
=(I,,+a%1,,+a.l,) + (I.+a.l,+al,)
=2L,+(a+a?)l,,+(a+a?)l,;
=21, - L., - I, because (a+a?*)= -1
=21, -(I.,+1.,)
It can be observed from fig 5.64 that (I.,+1.,)= -L,.
Substituting this in the expression for fault current, we get
I[i=21. -(-1.0)
=3T00 i 5.68
=-3.1...[Z,/(Zo+2Z,+32Z))] « --==---=------ in view of eq. 5.69
In absence of the neutral grounding, Z,=c. That is, Z,=c and Hence, I;=0.
Note:

1)Instead of remembering the various results for a particular fault, it is often easier
to visualize the connection of sequence networks to represent the fault and then
proceed suitably.

2)The fault current in the case of faults involving ground(LG,LLG) is given as,
If=3-|Iaol
3)In case of LL fault, the fault current is given as If=v3.|1,|
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Example 5.1:

A three phase generator with an open circuit voltage of 400V is subjected to an LG
fault through a fault impedance of j2Q2. Determine the fault current if Z,=j4Q,
Z,=j2Q and Z,=j1Q. Repeat the problem for LL and LLG fault.

Solution:
i)LG fault:
The interconnection of sequence networks for an LG fault is shown in fig. 5.15

In this case,
Li=i..=1.=E, / (Zi+Z:+Z,+3Z;)
=(400.0° /V3) / j(4+2+1+6)
=-j17.765 A
Fault current=I;=3.|1.,|
=3(17.765)
=53.295 A
ii)LL fault:

The interconnection of sequence networks to represent an LL fault is shown if fig
5.16.

V,p=0
Here, Ial=Ea/ (21+ZZ+Zf)
=(400.0° /v3) / j(4+2+2)
= -j28.87 A
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Therefore, fault current, I;=v3.|L,|
= V3(28.87)
=50A.
Tii) LLG fault:

The sequence networks are interconnected as shown in fig 5.17

Fig. 5.17

Here, L., = E. / [Z:+{Z,.(Zo+3Z:)/(Z,+Zo+32Z:) }]
= (400.0° /V3) / [4+{2(1+6)/(2+1+6)}]
= -j41.57 A
Therefore, using current division equation,
Lo = -1...Z,/(Z,+Z,+3Z)
= -j41.57 (2/ ((2+1+6))
=j9.24 A
Hence, the fault current is,
I=3.|Lo|
=3(9.24)
=27.72 A
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5.4 Unsymmetrical faults on power system:

The unsymmetrical faults on the power system are analyzed using Thevenin's
theorem. The Thevenin's equivalent of positive, negative and zero sequence
networks are obtained with respect to the fault point.

The prefault voltage at the fault point is the Thevenin's voltage of positive
sequence network. The negative and zero sequence components of prefault voltage
at the fault point is absent.

Let,
Z,= Thevenin's impedance of positive sequence network.
Z,= Thevenin's impedance of negative sequence network.
Z,= Thevenin's impedance of zero sequence network.
V,=prefault voltage at the fault point.

=Thevenin's impedance of positive sequence network.

Thevenin's equivalent of positive, negative and zero sequence networks of
the power system with respect to the fault point will be as shown in fig 5.29, 5.30
and 5.31 respectively.

Using Using Kirchoff's law to the circuits shown below, we get

Va1=VTH'Ia1.Zl ........................... 5.70
Va2= _IaZ-ZZ ............................ 5.71
Va0= _IaO-ZO ........................... 5.72

These equations are similar to that of a synchronous generator. They are
useful in the analysis of unsymmetrical faults on the power system. We shall now
consider the various types of unsymmetrical faults on a general power system.

5.4.1 Single line to ground (LG) fault:
fig 5.32 shows an LG fault at F in a power system through a fault impedance
Z:. The phases are so labeled that the fault occurs on phase a.
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F

Terminal conditions:
V.=1..Z:
I,=0
I.=0

.................. 5.73
.................... 5.74
.................... 5.75

Symmetrical component relations:
The following relations can be obtained from the terminal conditions.
Lo=(1/3)(I.+1,+1.)=(1/3)(I.+0+0)=(1/3).1,

L.=(1/3)(I.+a.l,+a%1.)=(1/3)(I.+0+0)=(1/3).1,
I..=(1/3)(I.+a%I,+a.l.)=(1/3)(1.+0+0)=(1/3).L,

SO Ia1=Ia2=Ia0=(1/3)-Ia

The terminal condition V.=1..Z;

Vao+Va1+Vaz=Ia.Zf= 3130. Zf

................................ 5.76

gives

..................... 5.77

Equations 5.76 and 5.77 suggest a series connection of sequence networks
through a impedance 3.Z; as shown in fig 5.33

Interconnection of sequence networks:

Fault current:

E R 1 I

Fig. 5.33

The fault current in this case in given as,
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If=Ia=3Iao= 3VTH / (Z]_+ZZ+ZQ+3Zf) .............................. 5.78
Note:

In the absence of fault impedance, replace Z: by zero in the above calculations.

5.4.2 Line to line (LL) fault:

Fig 5.34 shows a LL fault at F in a power system on phase b and c through a
fault impedance Z;

a
bieo
5
il
% },ﬁ
ﬂz, Fig. 5.34
Terminal conditions:
L=0 . 5.79
Ib+Ic=0 ’ Ic='Ib ............... 5.80
Vb=Vc+Ib.Zf ........................ 5.81

Symmetrical components relations:
The following relations can be obtained from the terminal conditions
Lo=(1/3)(L.+I+1L)

=(1/3)(L,+1,-1,)

=0

L.=(1/3)(I,+a.l,+a%.lL)
=(1/3)(0+a.l,-a%.1.)
=(1/3)(a-a*)L
I.=(1/3)(I.+a%I,+a.l)
=(1/3)(0+a?.I,-a.l.)
=(1/3)(a*-a)L

SO, Lo=0 5.82
Ia1= _Iaz .................................... 5.83
Next,
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V..=(1/3)(V.+a.V,+a2.V.)

V..=(1/3)(V.+a%V,+a.V.)

Therefore,

V.i-V..= (1/3) [(a-a?)V,+(a*-a)V.]
=(1/3) [(a-a*)(V,-VJ)]
=(1/3) (a-a*)(L.-Z)

= Ial-zf
ThUS, Vai=Vat . Ze i et 5.84
Since, Ia0=0, Va0= 'Iao.Z():O ................................ 5.85

Equations 5.83 and 5.85 suggest parallel connection of positive and negative
sequence networks through a series impedance Z: as shown in fig 5.35. Since
I..=V.=0, the zero sequence network is connected separately and a shorted as
shown in fig 5.36.

Interconnection sequence networks:

Fig. 5.35 Fig. 5.36

Fault current:
I=I,=I,+a%I,,+a.l.,

=0+a%l,; -a.l,

=(a’ - a)l,

= - jV3l,
or |L|=v3.I.;

=V3. Vi [ (ZiAZo4Z) e 5.86

Note:

In the absence of fault impedance, replace Z: by zero in the above calculations.

5.4.3 Double line to ground fault (LLG):
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Fig 5.37 shows an LLG fault at F in a power system. The fault may in general
have an impedance Z:; as shown.

Terminal conditions:

=0 e 5.87
Vo=(Lo+1)Ze e 5.88
V=(Io+1)Ze e 5.89
Symmetrical component relations:

Consider,

V..=(1/3)(V.+a.V,+a%.V.)

=(1/3)[(V.+(a+a*)V.]

=(1/3)(Va-Vo)

V..=(1/3)(V.+a%V,+a.V.)

=(1/3)[(V.+(a*+a)Vs]

=(1/3)(Va-Vo)

V.o=(1/3)(V.+V,+V.)

=(1/3)(V.+2.V,)

Thus,

Var=Va 5.90

Va -Va =(1/3).3V,

=V,

=(I,+1.)Z;

=3 I, Z¢ -------- This will be proved to the expression for fault current.
Thus, Vao=Va+3.Lo.Zr i 5.91

The condition I,=0 gives I,+L:+1..,=0  .....oiviiiiiiiinnnn. 5.92
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From equations 5.90 , 5.91 and 5.92 we can draw connection of sequence
networks as shown in fig 5.38

Interconnection of sequence networks:

Fig. 5.38

Fault current:
In this case, the fault current is given as,
I=I,+1,
=(I,+a%Il,+a.l,) + (Ie+a.l,+a%l,)
=2I,+(a+a?)l.,+(a+a?)l.,
=21, - I, - I, because (a+a%)= -1
=210 -(I.1+1.,)
It can be observed that (I.;+1.,)= -L..
Substituting this in the expression for fault current, we get
=21, -(-1.0)
=31,
=-3.L..[Z/(Zo+Z:432Z)] e, 5.93
Note:
In the absence of fault impedance, Z: is replaced by zero in the calculations.

The steps briefed below are used in solving the following problems:

1)The positive, negative and zero sequence networks for the given system are
drawn.

2)The Thevenin's equivalent circuit of each of the networks with respect to the
fault point is calculated.

3)These networks are interconnected suitably to simulate the particular type of
fault condition.
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Example 3.8:

A synchronous motor is receiving 10MW of power at 0.8pf lag at 6kV. An LG fault
takes place at the middle point of the transmission line as shown in fig 5.39. Find
the fault current. The ratings of the generator motor and transformer are as under.

Generator: 20MVA, 11kV, X,;=0.2p.u; X,=0.1p.u; X,=0.1p.u.
Transformer T;: 18MVA, 11.5Y-34.5Y kV, X=0.1p.u.
Transmission line: X;=X,=5Q; X,=10%.

Transformer T,: 15MVA, 6.9Y-34.5Y kV, X=0.1p.u.

Motor : 15MVA, 6.9kV, X;=0.2p.u; X,=X,=0.1p.u.

Ty M

S—3— 385
= T ik

Fig. 5.39

Solution:

base values:

Let we choose,

base MVA=20

base kV on the generator=11

we calculate,

base kV on the transmission line=11(34.5/11.5)=33
base kV on the motor= 33(6.9/34.5)=6.6

Sequence reactances of generator:

X, = Xl/p.u,old X ( (MVA)B, new/ (MVA)B,oId) X ( (kV)ZB, old/ (kV)ZB, new )
=§0.2 x (20 /20 ) x (11%2/ 11?)
=3 0.2 p.u

X2 = Xaspu,00 X ( (MVA)g, new/ (MVA)s, 0a) X (((KV)%5 0/ (KV)%, new )
=3j0.1 x (20 /20 ) x (11%/ 11?)
=j 0.1 p.u

Xo = X()/p.u,old X ( (MVA)B, new/ (MVA)B,oId) X ( (kV)ZB, old/ (kV)ZB, new )
=j0.1 x (20 /20 ) x (11%2/ 11?)
=3j0.1p.u

Sequence reactances of transformer T,: (calculated primary side of it)
X1 =X; =Xo= Xpu, o0 X ( (MVA)g, new/ (MVA)g aa) X ( (KV)?, 00/ (KV)%, new )
=j0.1 x (20 /18 ) x (11.5%/ 11?)
=j0.12 p.u
Sequence reactances of transmission line:
Xin=Xom = XTL( Q ) X(MVA)B/ (kV)ZB

=5 x 20/ 33?
= 0.092p.u
Xern= 10 x 20 / 302
=0.184p.u
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Sequence reactances of transformer T,: (calculated secondary side of it)
X1 =X =Xo= Xou, ot X ( (MVA)g, new/ (MVA)g 0) X ( (KV)%s 04/ (KV)%, new )
=3j0.1 x (20/ 15) x (6.9%/ 6.6%)
= j 0.146 p.u
Sequence reactances of motor:
X1= Xl,p.u,old X ( (MVA)B, new/ (MVA)B,oId) X ( (kV)ZB,oId/ (kV)ZB, new )
=3j0.2 x (20 / 15) x (6.9%/ 6.9%)
=30.29 p.u
X2 =Xo= Xz,pu,00 X ( (MVA)g, new/ (MVA)g oa) X ( (kV)ZB, oid/ (kV)ZB, new )
=j0.1 x (20/ 15) x (6.92/ 6.9?)
= j 0.145 p.u

Positive sequence Network (PSN):
Using the calculated values of positive sequence impedances, the PSN is drawn as
shown in fig 5.40.

jo.12 j0.046 , j0.046 j0.146

Fig. 5.40

To find the voltage at the fault point (Vr):

The current drawn by the motor I,.= ((10x10°) / (vV3x6x103°%0.8)) 2-cos*0.8
=1202.8.-36.87° A

The base current in the motor (I,)s= (1000x20) / (vV/3%6.6)
=1749.55 A

Therefore,

I.in p.u =I./(I.)e= (1202.8/ 1749.55) ,-36.87°

= 0.687,-36.87° p.u

Vm in p.u =6/6.6=0.909.0° p.u

Vou=Vo+In. Zm

0.909+((0.687,-36.87°)(0.182,90°)),where Z:,=j0.046+j0.146=0.182,90°

0.909+0.132,53.13°

0.909+0.0792+j0.106

0.9882+j0.106

0.994.6.1°

To find the Thevenin's impedance Z;

The Thevenin's impedance as seen from point F is,

Zw=j[(0.2+0.12+0.046)||(0.046+0.146+0.29)]
=j(0.366]|0.482)

=j0.208 p.u
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Hence the equivalent PSN of the system is as shown below:

j0.208
+
0.994 £6.1°
Fig. 5.41
Negative sequence Network (NSN):
j.12 0046 i0.046 0146

7O 77 O A, A ¢

0. o145 = i0.148

(a) ()
Fig. 5.42

The Thevenin's equivalent impedance with respect to the fault point is:
Z:=j[(0.14+0.12+0.092)||(0.046+0.146+0.145)]

=j(0.266]|0.337)

=j0.149 p.u

Zero sequence network (ZSN):

jo.12 os2 0092 o4

JLH% 0,145 =3 jn172 :

(a) (b)
Fig. 5.43

The Thevenin's zero sequence impedance is,
Zemv=j[(0.1+0.12+0.092)|](0.092+0.146+0.145)]
=j(0.312]|0.383)

=j0.172 p.u

Interconnection of sequence networks:
The sequence networks are connected as shown in fig 5.44 to represent LG fault.
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Ent I.\‘Z Inrl
4——v — f—v—‘
j0.208
? j0.143 0.172
0.994 £6.1° ()
o __f;.;.-s;
Here,

I,=1,=I,= (0.994.6.1°) / j(0.208+0.149+0.172)
=1.88,-83.9° p.u

Hence fault current:
|If| =3. |Ia0|

=3(1.88)
=5.64 p.u

Fault current in amperes is:
=|If|p.u X (ITL)B

=5.64x((1000x20) / (V3x33))
=1973.49 A

5.5 Series type of faults:

We have so far discussed the various shunt type of faults that occur in a
power system. But unsymmetrical faults in the form of open conductors (series
type) also do take place in power system. It is required to determine the sequence
components of line currents and the voltages across the broken ends of the
conductors.

Fig 5.56 shows a system wherein an open conductor fault takes place.

v

v

Fig. 5.56

The ends of the system on the sides of the fault are identified as F, F', while
the conductor ends are denoted by aa', bb' and cc'. The voltage across the

SJ PN Trust's Author TCPO4
Hirasugar Institute of Technology, Nidasoshi-591236 | pramod M Vi1
Tq: Hukkeri, Dt: Belgaum, Karnataka, India, web:www.hsit.ac.in Page No. EEE
Phone:+91-8333-278887, Fax:278886, Mail:principal@hsit.ac.in 10 FEB 2013



mailto:principal@hsit.ac.in
http://www.hsit.ac.in/

A.Year / Chapter Semester Subject Topic
2013 / 6 6 Power system Unsymmetrical faults,Series type of faults
analysis and

stability
conductors are denoted by V..", V' and V.'. The symmetrical components of these
voltages are (V..'):;, (Va')2,(Va')o. The sequence networks as seen from the two
ends FF' of the system are schematically shown in fig 5.57.

These are suitably interconnected depending on the type of fault (one or two
conductors open).

l PSN_ NSN i | oy _ |

(a) y _I-h] {t'}-

Fig. 5.57

i) One conductor open fault:

Let us assume that the conductor 'a' of a system gets opened as shown in fig
5.58.

o8 L
|

R e R e
;

e
|

o M — . 4 —e———
c 1C

Fig. 5.58

Terminal conditions:

As seen from the two ends F and F'. The terminal conditions that are applicable
are:

L=0 i 5.94
Vbb'=0 ............................. 5.95
Vo'=0 e 5.96

Symmetrical components relations:
(Vao)1=(1/3)(Vaat+a.Vop+az V)

=(1/3)(V.+0+0)
=(1/3)(Vaa)
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(Vae)>=(1/3)(Voa+a2 Vy+a.Vee)
=(1/3)(V.2+0+0)
=(1/3)(Var)
(Vaa)o=(1/3)(Voa+Vor+Vec)
=(1/3)(V..+0+0)
=(1/3)(Vax)
Thus,
(Vaa)1=(Vaa)2=(Vaa)o=(1/3)Vae it e 5.97
The condition I,=0 gives the result
LotILa+T10=0 5.98

Condition 5.97 and 5.98 in terms of symmetrical components are similar to a
double line to ground fault. These suggest that the three sequence networks
should be connected in parallel to represent the fault, as shown in fig 5.59.

Fie. 5,59

ii)Two conductors open fault:

Let us assume that the two conductors b and c get open at the points F, F' as
shown in fig 5.60.

b s T a'
0

:
et

:
PR
I e =

Fig. 5.60

Terminal conditions:

As seen from the points F and F', the terminal conditions that are applicable to this
fault are:

L=0 5.99
I.=0 5.100
Voa=0 5.101
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Symmetrical components relations:

consider,
Lo=(1/3)(L.+1,+1.)=(1/3)(I.+0+0)=(1/3).1,
L.=(1/3)(I.+a.l,+a%.1.)=(1/3)(1.+0+0)=(1/3).L.
I..,=(1/3)(I.+a%l,+a.l.)=(1/3)(1.+0+0)=(1/3).1,

SO Ia1=Ia2=Ia0=(1/3)-Ia ................................ 5.102
The terminal conditions V.,=0 gives the result,
(Vaa)otr(Vaa) i+ (Vaa)2=0 e e 5.103

These conditions are similar to those of line to ground fault and suggest that
the three sequence networks be connected in series and shorted as shown in
fig5.61.

] o

fl T 1
PSN
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7.1 Introduction:

Stability of a large interconnected power system is its ability to return to
normal or stable operation after having been subjected to some form of
disturbance. Conversely, instability denotes a condition of loss of synchronization in
the system. This will result in wild fluctuation of currents and voltages within the
power system network which is obviously undesirable. Hence, stability
considerations form an important aspect in the study of power systems.

7.2 Some definitions:

Stability:

Stability, when used with reference to a power system, is that attribute of the
system, or part of the system, which enables it to develop restoring forces between
the elements thereof equal to or greater than the disturbing forces so as to restore
a state of equilibrium between the elements.

Steady state stability:
This is the stability of the system under consideration subjected to a gradual or
relatively slow change in load.

Transient state stability:

This refers to the stability of the system subjected to a sudden large disturbance.
The large disturbance may be brought about by a sudden large change in load,
faults in system or loss of generation in the system.

Dynamic stability:
This denotes the artificial stability given to a system by the action of automatic
control device like fast acting voltage regulators and governors.

Steady state stability limit (SSSL):
This refers to the maximum flow of power possible through a particular point in the
system without loss of stability when the power is increased gradually.

Transient state stability stability (TSL):
This refers to the maximum flow of power possible through a particular point in the
system without the loss of stability when a sudden disturbance occurs.

Infinite bus:
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A system having a constant voltage and a constant frequency regardless of the
load on it is called an infinite bus-bar system or an infinite bus. Physically, it is
impossible to have an infinite bus-bar system. This is just considered for the
purpose of analysis.

Topic
Stability studies

7.3 Steady state stability:

The study of steady state stability is basically concerned with the
determination of the maximum power flow possible through the power system,
without loss of synchronism (stability). The formation of power angle equation
plays a vital role in the study of steady state stability.

7.3.1 Power angle equation of synchronous machine:

The synchronous machine is one of the most important element of a power
system. A synchronous generator converts mechanical power into electrical form
and feeds it into the power system network. On the other hand, a synchronous
motor draws electrical power from the network and converts it into mechanical
form. There are basically two types of synchronous machines, the round rotor or
Non-salient type and the salient pole type.

a)Power-angle equation of a non salient pole synchronous machine:

In the case of a non salient pole synchronous machine, the rotor consists of a
cylindrical structure having a number of slots at intervals along the outer periphery
of the cylinder for accommodating the field coils. Here, the air gap is uniform all
along the rotor periphery and hence the flux linkage is also uniform. Therefore, the
machine offers the same reactance for the flow of armature current at all places.
This reactance is called as the synchronous reactance (X;) of the machine.

The single phase equivalent reactance diagram of a non salient pole
synchronous generator connected through a transmission line to an infinite bus is
shown in fig 6.1.

iX Ko

m Infinite Bus
l 4T
+ O
1E|/av(l |E,| 26 |V]£0
Fig. 6.1
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Let,

E. d=Generated voltage in the machine

0=Load angle or Torque angle or power angle
Xs=Synchronous reactance of the machine
E.=«0=Voltage at the terminals of the machine
X.=reactance of the transmission line
V.0°=Voltage at infinite bus(taken as reference)
I=load current.

Let us suppose that the machine is operating for a large power factor load,
that is, the load current lags the infinite bus voltage (reference) by an angle ¢. The
corresponding phasor diagram of the system is shown in fig. 6.2.

Fig. 6.2

Referring to the phasor diagram, we can relate the phasors as,
E=V+j. I(X+X.)

or

I=(E-V) / J(XHXe) i 6.1
The net power delivered by the machine is given as
P=Re[V.I*]

Substituting Eq. 6.1 in the above equation, we get
P=Re [V. {(E-V) / j(X;+X.)}*]

=Re[|V|£0°.{(|E|z 8-|V|£0°) / (X:+X.)290°}*]

=Re[|V|£0°.{(|E|£ -3-|V]) / (X;+X.)2-90°}]

=[{(IVI.IE] )/ (Xs+Xc)}. cos(90°- 8)] - [{|V]|2/ (Xs+X.)}. cos90°]

=[(IVIIE] / (Xs+Xo)]. sin &
Thus,
P=[(|VI.IE] )/ (Xc+X)]. SIN QO e 6.2

Eq. 6.2 shows that, the power transferred depends upon the generated

voltage E, bus voltage V, system reactance and the torque angle &. This equation
is called as the power angle equation of a non salient pole synchronous machine. A
graphical plot showing the variation of electrical power P against the load angle &
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for fixed values of E,V and reactance is called as the power angle curve. This is
shown in fig 6.3

The maximum power transfer occurs at 8=90°. The corresponding power is
Pm= ([VL.IE| )/ (Xc+Xo) e 6.3

For values of 0>90°, the power output of the machine reduces successively
and finally the machine may stall. Hence, Pm at which maximum power transfer
occurs is called as the steady state stability limit (SSSL) of the machine. The
machine operation is stable in the region 0°<d<90° i.e the slope of the curve
(dP/dd)>0. This term (dP/dd) is called as synchronizing power coefficient or
machine stiffness. The condition (dP/dd)>0 is called as the stability criterion. The
SSSL is reached when (dP/dd)=0 and if (dP/dd)<0 the system is unstable.
Note:
1)If the synchronous machine is concerned directly to an infinite bus, i.r X.=0, then
eq. 6.2 becomes,
P=[(|VI.IE| )/ Xs]. SIN O e 6.4
2)Pm, the maximum power is also called as pull out power of the machine.

b) Power angle equation of a salient pole synchronous machine.

A salient pole machine has a number of projecting (salient) poles. Hence, the
air gap is non uniform along the rotor periphery. It is least along the axis of the
main poles (called the direct axis) and maximum along the axis of the inter polar
region (called the quadrature axis). Hence flux linkages is non uniform.
Correspondingly, the machine offers a direct axis reactance X, and quadrature axis
reactance X, for the flow of armature current. A circuit model of the machine
cannot be easily drawn. However, the phasor diagram of the machine neglecting its
armature resistance is shown in fig. 6.6.
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Here,

Ez 0=Generated voltage in the machine

V.0°=Voltage at infinite bus(taken as reference)

0=Load angle or Torque angle or power angle

X4=Synchronous reactance of the machine

X,=quadrature axis synchronous reactance

X.=reactance of the transmission line

I=current delivered at a lagging power factor of cos ¢.

Referring to the diagram, we can write the expression for power developed as,

P=|V]| cos 8. |I|4+ [V] SINO. |Ls] weverriiiiiiiiii i e 6.5
also, from fig 6.6 we observe that,

|I,.X,| =|V.sind|

or,

II) = V.Sind /X, i, 6.6

again,

|I4.Xa| = |E-Vcos)|

or,

[Ta|= [E[-IV].COSO /X4 e 6.7

Using equations 6.6 and 6.7 in eq. 6.5 we get,
P=[|V|.cosd.{(|V|.sind) /X,}] + [(|V].sind).(|E|-|V]|cosd) /Xa]

=[|V|? .(sin20/2.X,)]1 + [(JV|.|E|.sind) /X4] — [(|V|?.sin2d)/2.X4]

=|V|%. (Sin23/2).((1/X,)-(1-X4))+|V|.|E|. (Sind/X,)

=(|V|.|E|/Xs). Sind +|V|%.(sin20/2).((Xs-X3)/(Xa. X))
Thus,
P=[(|V|.IE| )/ Xs]. SiNd +|V|?((X4-X)/2.X4.X).SIN20  cervrvnininenen, 6.8

As evident from eq.6.8, there is a fundamental and a second harmonic

component of power. The first term is the same as far a round rotor machine with
Xs=Xq. This constitutes the major part of power transfer. The second term is quite
small (10-20%)compared to the first term and is known as reluctance power.
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Resultant Power

Reluctance Power

The power angle curve of the machine is shown in fig 6.7. it is noticed that
the maximum power output (SSSL) occurs at 6<90°(about 70°). This value of o at
which the power flow is maximum can be computed by equating the synchronizing
power coefficient i.e dP/dd to zero.

7.3.5 Methods of improving SSSL.:

For a two machine system, we have
SSSL= |Eq|.|Ex| / IX|
As indicated by the equation, the SSSL can be increased by
i)increasing either of the voltages |E,| or |E.|. This can be achieved by increasing
the excitation to the generator or motor or both.
ii)Reducing the reactance between the transmission and receiving points. If the
transmission lines are of sufficiently high reactance, the stability limit cab be raised
by using two parallel lines which incidentally also increases the reliability of the
system. Series capacitors are sometimes employed in lines to get better voltage
regulation and to raise the SSSL by decreasing the line reactance. The use of
bundled conductors is another method of reducing the line reactance and hence
improving the SSSL.

7.4 Transient stability:

The transient stability refers to the maximum power flow possible through a
point without losing stability with sudden and large changes in the power system.
Following a sudden disturbance on a power system, the rotor speeds and rotor
angular differences undergo fast changes whose magnitudes are dependent on the
severity of disturbance. For a large disturbance, changes in angular differences &
may be so large that the machines may fall out of step. Thus, the transient
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stability of a system predominantly depends upon the dynamics of the synchronous
machine.
7.4.1 Dynamics of a synchronous machine:

The kinetic energy of a rotor is,
K.E =(1/2).I.w°
Where,
I=moment of inertia in kg.m?
w=angular speed in rad/sec
The angular momentum is,
M=I.w
therefore,
K.E=(1/2).M.w joules

Rather than having the moment of inertia of a synchronous machine for
dynamic studies, it is more convenient to use per unitized quantity called inertia
constant H. This is defined as the ration stored energy of a machine at
synchronous speed to the rated apparent power of the machine, i.e.
H=(stored energy in megajoules)/ (machine rating in mega volt-amperes) ...6.19
Let G=rating of the machine in MVA, then
GH=stored energy in mega joules
Hence, GH=K.E

=(1/2).I.w°
=(1/2)M.w joules (MJ)

Where,
w=2lf elec-rad/sec
=360.f elec.deg/sec

or
GH=(1/2).M.(360.f)

therefore,

M=GH/180.f MJ-sec./elect.deg = ...coiiiiiiiiiiiiiinnen. 6.20

M is also called as the inertial constant eq. 6.20 relates the two inertia
constants of the machine. For stability studies it is necessary to determine M which
depends upon the size and speed of the machine, but instead H has a
characteristic value of range of values for each class of machines. Typical values of
H are indicated below:
cylindrical rotor alternator: 4-10
salient pole alternators: 2-3
Salient pole synchronous motors: .5-2
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Modern power systems have many interconnected generators stations each
with several generators and many loads. The machines located at any one point in
a system usually act in unison. It is, therefore, common practice in stability studies
to consider all machines at one point as a single equivalent machine, having a
rating equal to the sum of the ratings of several machines considered to act
together. The inertia constant M of the equivalent machines is the sum of the
inertia constants of the individual machines, i.e.

or Heq = H1G1/Gbase +H2G2/Gbase ks . +HnGn/Gbase ....... 6.21

7.4.2 Swing equation:

The load angle or the torque angle & depends upon the loading of the
machine. Larger the loading, larger is the value of the torque angle. If some load is
added or removed from the shaft of the synchronous machine, the rotor well
decelerate or accelerate respectively with respect to the synchronously rotating
stator field and a relative motion begins. It is said that the rotor is swinging with
respect to the stator field. The equation describing the relative motion of the rotor
(load angle &) with respect to the stator field as a function of time is called as
swing equation.

Consider the generator shown in fig 6.26. It receives mechanical power Ps at
torque Ts and rotor speed w via shaft from the prime mover. It delivers electrical
power Pe to the power system network via the bus bars. The generator develops
electromechanical torque Te in opposition to Ts.

T = 2
s
s Pe
K I
GENERATOR

|

Fig. 6.26

o

P,-

Assuming that winding and friction losses to be negligible, the accelerating
torque on the rotor is given by’
T.=TeTe 6.22
Multiplying by w on both sides, we get
w.T.= 0.T- 0 .T.
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but

w.T,=P,=accelerating power

w.T.=P,=mechanical power input

w.T.=P.=electrical power output assuming that power loss is negligible.

Therefore, we get

Po=PePe e 6.23

Under steady state conditions, P.=P., so that P.=0.

When Ps.Pe balance is disturbed, the machine undergoes dynamics governed by
P.=T..w=1.a.0=M.(d?0/dt?) . i, 6.24

where =d?6/dt? is the angular acceleration of the rotor.

Since the angular position of the motor is continually varying with time, it is more
convenient to measure the angular position and velocity with respect to a
synchronously rotating axis fig 6.27.

(V Rotor Field
o
e :

N/ /8

- ®5  Reference Rolaling Axis

=
Fig. 6.27

From the fig 6.25, it can be inferred that

0=0- w0t .. 6.25

where, w,=angular velocity of the reference rotating axis.

d=rotor angular displacement with respect with respect to the stator field.
Taking time derivatives of eq. 6.25

(dd/dt)= (dBe/dt)-w,

and (d20/dt?)=d?0/dt? ..o 6.26
combining equation 6.23 and 6.24 and 6.26, we get
M.(d?6/dt?)=P,=P.-P.  .iiiiiiiriiiiiiieienan 6.27

This equation is called as the swing equation of the synchronous machine. Whe the
machine is connected to the infinite bus bars, then P.=[(|E| .|V|)/ X].sind=P.sind.
Or M.(d?0/dt?)= P, -P,.SiN3.  .iiiiiiiiiiirinennns 6.28

7.4.3 Swing curve:
The solution of swing equation gives the relation between rotor angle d as a
function of time t. The plot of & versus t is called as swing curve. The exact
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solution of the swing equation is however a very tedious task. Normally, step by
step method or any other numerical solution techniques like Euler's method,
Runge-Kutta's method are used for solving the swing equation. The swing curve is
used to determine the stability of the system. In case d increases indefinitely, it
indicates instability. Whereas if if reaches a maximum and starts decreasing, it
shows that the system will not lose stability since the oscillations will be damped
out with time. A sample swing curve is shown in fig 6.28.

For the stability of the system, d&/dt=0 ...t 6.29

The system will be unstable if dd/dt>0 for a sufficiently long time (normally more
than 1sec)

7.4.4 Equal area criterion (EAC):

This provides a qualitative assessment of transfer stability of a synchronous
system. It helps in deciding whether a system is stable or not under transient
conditions, without solving the swing equation.

Consider the swing equation of a single machine connected to an infinite bus,
M.(d?*8/dt?*)=P,

Multiplying both sides of the equation by (2/M).(dd/dt), we get
2.(dd/dt).(d%*d/dt?)=(2/M).P..(dd/dt) because d(x?)/dt=2.x. dx/dt
or

(d(dd/dt)?/dt)=(2/M).P..(dd/dt)

Integrating with respect to t we obtain,

(dd/dt)?=(2/M) fPa.(%).dt

=(2/M) [ Pa.ds

o
or (dd/dt)= || Pads
do

for the system to be stable, (dd/dt)=0

0
ie J%f Pa.ds =0

Jdo

o
or [Pads =0 e, 6.30
o

The physical meaning of integration is the estimation of the area under the
curve. The above integral indicates zero area. Thus, the system is stable if the area
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under P,-0 curve reduces to zero for some value of 3. This is possible only when P,
has both positive (accelerating) and negative (decelerating) powers. For a stable
system, the positive area under P.-0 curve must be equal to the negative area and
hence, this is called Equal Area Criterion for stability.

7.4.5 Applications of Equal area criterion:
Fig 6.29 shows the one line diagram of a synchronous generator connected
to an infinite bus.

G P, Infinite
(9 — Bus
- |v|0°

Fig. 6.29

Fig. 6.30

Let us consider the case of sudden change (increase) in the mechanical
input. Fig 6.30 shows the plot of P.-0, the power angle curve with the system
operating at point a corresponding to input P.. Let the mechanical input be
suddenly increased to P.' as shown. The accelerating power P,(=P.,'-P.) causes the
rotor to accelerate. Hence the rotor angle d increases, the electrical power transfer
increases, reducing P,, till a point b at which P,=0. The rotor angle 6, however,
continues to increase because of the inertia of the rotor and Pa becomes negative

o
causing the rotor to decelerate. At some point ¢ where A;=area A, or fPa.ch =0,
do

the rotor velocity dé/dt becomes zero (this corresponds to the synchronous speed)
and then starts to become negative owing to continuing negative P,. The rotor
angle thus reaches the maximum value 0, and then starts to decrease.

From fig 6.30 areas A, and A, are given by,
ol

A= [ (Ps'=Pe).do

do

02
A= [ (Pe—Ps').do

ol
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For the system to be stable, it should be possible to find angle 3, such that
A,=A, as P/ is increased, a limiting condition is finally reached when area A, equals
the entire area A, above the line P,' as shown in the fig 6.31. Under this condition
0, acquires the maximum value d,,such that,
0,=0,=180%%0; cvviviiiriiiiiiiniaens, 6.31

>

0 & & 0,=0, 180° 5

Fiz. 6.31

Now, the system is said to be critically stable. Any further increase in P,
means the area available for A, is less than A,, so that the system becomes
unstable. It has thus been shown by the use of EAC that there is an upper limit to
sudden increase in mechanical input (P.'-P;) for the system in question to remain
stable. The power P.' is transient stability Limit (TSL) of the system. As clearly
visible from the fig 6.31, TSL (P.") is less than SSSL (P.,) of the system.

b)Sudden loss of one of the parallel lines:

Let us consider a single machine connected to an infinite bus through two
parallel lines as in fig 6.32. Circuit model of the system is given in fig 6.33.

Infinite Bus
|V]<0°

Xi
G X —0 ] ) 1y ) jy P

- s Infinite Bus
@)—r X 1 v0°
|E| £8 o
Switghed o
Fig. 6.33
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The transient stability of the system when one of the lines is suddenly
switched OFF from the system, while operating under steady load conditions is now
being considered.

Case i)Before switching OFF, the power angle equation is,

Po= [(JE| V| {XH+(X:||X2)}].sin0=P;.5iIN0 curvel
case ii)On switching OFF line -2, the power angle equation is
Poo= [(|E| V] (Xs+X;)].8iNd=P,,.5iIN0 ... curve2

Curve - 1 (both lines are switched ON)

Curve - 2 (line 2 is switched OFF)

Fig. 6.34

Fig 6.34 shows the two curves wherein P,,<P.; as (X;+X;)>(X+(X.|[X;)). As
soon as line-2 was switched OFF, the original operating point a on curve-1 is
shifted to a point b on curve-2. Accelerating energy corresponding to area A, is put
into rotor followed by decelerating energy. If an area A, equal to A, is found above
the P, line, the system will be stable, and finally operates at C corresponding to a
new rotor angle &,>0,.

For the limiting case of stability, 8, has a maximum value 8., is given by
0,=0,=180°-0,
Which is the same condition as the previous example.

c)Sudden short circuit in one of the parallel lines:
case i) short circuit at one end of a line:

Let us assume that a three phase short circuit occurs at the end of line-2 of a
double circuit line as shown in fig 6.35.

Infinite Bus
1 |v|<0
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The equivalent reactance diagrams before, during and after fault clearance are
shown in fig 6.36a, 6.36b and 6.36c¢ respectively.

®) ()

Before the occurrence of a fault, the power angle curve is given by,

Peai= [(JE| V) { X+ (X || X2)}].S5iNd=P,,;.Sind

Upon occurrence of a three phase fault at the end of line-2, there is no power flow
as seen from the fig i.e P.,=0.

The circuit breakers at the two ends of the faulted line open at the t,
(corresponding to angle 0,), called the clearing time, dis-connecting the faulted
line. The power flow is now restored via the healthy line-1. With power angle curve
is given as,

Pes= [(IE| V])/ (Xs+X,)].SiNO=P;.5ind

obviously, P.;<P.;. The rotor now starts to decelerate as shown in fig 6.37. The
system, will be stable if a decelerating area A, can be found equal to the
accelerating area A, before d reaches the maximum allowable value 3.,..

Pml
—» Before Fault, P,

P, S After Fault, P,
| P Buring Fault, P,
08 3 8, 5, 180° 5
Fig. 6.37
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It easily follows that larger initial loading (Ps) increases A, for a given clearing
angle &, and therefore, quicker fault clearing would be needed to maintain stable
operation.

Case ii)Short circuit away from line ends:

When a three phase fault occurs away from line ends (say in the middle of a
line). There is some impedance between the paralleling buses and the fault.
Therefore, some power is transmitted while the fault is still on the system. The one
line diagram of the system is shown in fig 6.38.

G Infinite Bus
© 4 Vi
|E|£8

Fig. 6.38

The equivalent circuit before occurrence of fault is shown in fig 6.39.

E£b AP

The power angle curve is given by,
Poi= [(IE| .IVI) {X+(X1||X:)}].5iN8=P,,;.5iNd
circuit model of the system during fault is shown in fig 6.40.

X

: A | X
oo L= (.7 M
J LJ\?‘@ g Jr L |
EsB(n) LR )y = E() g ) v
T =]

Fig. 6.40

Here, Xi= transfer reactance of the system. The power angle curve during fault is
therefore given by
Pe= [(JE| .]V])/ X¢].SiNd=P,,,.sind
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After the clearing of the fault by opening of the circuit breakers, the equivalent
circuit is as shown in fig 6.41.

Fig. 6.41

The Power angle curve is given by,
P= [(|E| .|VI) (Xs+X,)].5ind=P,.;.5ind
The power angle curves corresponds to P.;, P., and P.; are shown in fig 6.42.

l-‘ml

/Y; Before Fault, P,

/ \

Pra
P // . ﬁz.:: —» After Faull, P,
s S P, |

» During Fault, P,

R 5 % 18 s
Fig. 6.42

The system is stable only if it is possible to find an area A, equal A,.

7.4.6 Critical clearing angle and critical clearing time:

In the previous case if, P, is increased, then 9, increase, area A, increases and
to find A,=A,, 0.is increased till it has a value &,, the maximum allowable limit for
stability. Then the system is said to be critically stable. The angle &, is then called
as the critical clearing angle (d.). The time corresponding to this is called the
critical clearing time (t..). The critical clearing angle can be determined from the
EAC. However, the critical clearing time cannot be obtained from EAC. It is possible
to estimate critical clearing time using the swing curve. This time is very much
essential in designing the protective circuit breakers for the system.

The case of critical stability of a system is shown in fig 6.43.

SJ PN Trust's Author TCPO4
Hirasugar Institute of Technology, Nidasoshi-591236 | pramod M Vi1
Tq: Hukkeri, Dt: Belgaum, Karnataka, India, web:www.hsit.ac.in Page No. EEE
Phone:+91-8333-278887, Fax:278886, Mail:principal@hsit.ac.in 16 FEB 2013



mailto:principal@hsit.ac.in
http://www.hsit.ac.in/

A.Year / Chapter Semester Subject Topic
2013 / 7 6 Power system Stability studies
analysis and
stability

P,

ml
> Before Fault, P,

After Fault, P,

During Fault, Py

8 8,=0, 0,=b,180° 3
Fig. 6.43

Applying EAC to the above case, we get
A1=A2

dce om

f(Ps—PmZ.siné).dé = f(Pm3.sin5—Ps).d5

0 dce

where,
Oo=SiN""(Ps/Pm1)
On=M-sin"}(Ps/Pps)
Integrating, we get
occ om

(Pe.0+Pr2.c088)| ) = (-Pr.COSE-P.D)|

occ
or
Po(0c-00) +Pm2(€c0S8..-c0S0,) +Ps(0m=0c ) + Prz(c0Sd,,-c0Sd.. ) =0
or
C0SO..=[Ps.(01n=00)~P2.€0S00+P5.C0801n] / (Pr3-Prm2) i 6.32

The angles in the above equation are in radians. If the angles are in degrees,
the equation modifies as below. (1 over 180°)

[ HO Ps.(6m—580)— Pm2.cosdé0+ Pm3.cosém)]
Cosd.= _(180°) T 6.33

(Pm3—Pm?2)

7.4.7 Methods of improving transient stability:

From the swing equation we have (d?d/dt?)=(P./M) i.e the acceleration of the
rotor (d?d/dt?) is inversely proportional to the angular momentum of the machine
when accelerating power is a constant. This means that higher the value of M,
slower will be the change in the rotor angle of the machine and thus allows a
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longer time for the circuit breakers to isolate the fault before the machine passes
through the critical clearing angle. However, to achieve higher value of M, a
heavier rotor is required which inturn increases the the cost of the machine.
Therefore, this method cannot be employed in practice because of economic
reasons.

The methods often employed in practice to improve system stability are:
1)Increase of system voltages.

2)Reduction of transfer reactance.

3)Use of high speed circuit breakers and auto-reclosing breakers.

It is observed from eq. 6.12 that P,=|E,| .|[E.|)/ X. Thus, by increasing the
system voltages or by reducing the system transfer reactance, the maximum
power transfer (stability) can be increased. The system voltages can be increased
by the use of high speed excitation systems (AVRs). The reactance of a
transmission line can be decreased.
i)by reducing the conductor spacing.
ii)by increasing conductor diameter.
iii)by the use of bundled conductors.
iv)by increasing the number of parallel lines or
v)by using series capacitors in the transmission lines.

The quicker a breaker operates, the faster the fault is removed from the
system and better is the tendency of the system to store to normal operations.

Recent trends:

A brief account of some of the recent methods of maintaining stability is given
below.

a)HVDC links:

A d.c transmission line does not have any stability problem in itself because, d.c
operation is an asynchronous operation of the machines. Hence, the use of HVDC
links to connect separate a.c systems improves the stability of the systems.

b)Braking Resistors:

For improving the stability of a system when a large load is suddenly lost, a
resistive load called a braking resistor is connected at or near the generator
terminals. This load compensates for at least some of the reduction of load on the
generators and so reduces the acceleration (d?0/dt?) of the machines.
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c)Fast valving:

In this method, the stability of a unit is improved by decreasing the mechanical
input power to the turbine. When a fault occurs in the system, a control scheme
detects the difference between a mechanical input and reduced electrical output of
the generator, initiates the closing of a turbine valve to reduce the power input.

d)Full load rejection technique:

Sometimes, to maintain stability it becomes inevitable to take a faulty unit out of
service. However, the loss of a major unit for a long time can be seriously
hazardous for the remaining system. To avoid this, a full load rejection scheme
could be utilized after the unit is separated from the system. To do this, the unit
has to be equipped with a large bypass system. After the system has recovered
from the shock caused by the fault, the unit could by synchronized and reloaded.
The main disadvantage of this method is the extra cost of a large bypass system.
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8.1 Introduction:

The operation of three phase induction motor supplied with balanced
voltages has been dealt in the previous semesters. In this chapter, we analyse the
performance of a three phase induction motor under unbalanced conditions. The
method of symmetrical components will be suitably exploited in study.

8.2 Performance of a three phase induction motor under

unbalanced supply voltages:

Let us assume that unbalanced voltages are applied across the stator of a 3-
phase symmetrically wound induction motor. It is known that the unbalanced
voltages can be resolved into positive, negative and zero sequence components of
voltages. The effect of applying unbalanced voltages can be obtained by
superposing the effects due to positive, negative and zero sequence components of
voltages.

The positive sequence voltages constitute a balanced three phase system
having the same phase sequence as that of the original unbalanced phasors. They
induce positive sequence rotor currents which circulate a s times the supply
frequency (f.=s.f) and produce a positive torque. The negative sequence voltages
also constitute a balanced three phase system, but having opposite phase
sequence as that of the original unbalanced phasors. They induce negative
sequence rotor currents at (2-s) times the supply frequency in the reverse
direction(f'=(2-s)f) and hence produce a negative torque. The zero sequence
voltages do not constitute a three phase system. Hence they do not produce any
net torque.

Now let us find expressions for positive and negative torques, the net torque
and net power in an induction motor under unbalanced supply voltages. The
analysis applies to a star connected (or equivalent star connected) induction motor.
A delta connected stator winding of an induction motor, can however be
transformed to an equivalent star connected stator winding for the purpose of
analysis.

When positive sequence voltages are applied to a symmetrical star (or
equivalent star) connected stator of a three phase induction motor, as already
stated, the induced currents in the rotor circulate at slip s times the supply
frequency. The approximate equivalent circuit of an induction motor on a single
phase basis omitting the exciting circuit and assuming the voltage transformation
ration as unity is shown in fig 7.1
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R X Rrsis %

) ]al

al

Fig. 7.1

Here,

V., =positive-sequence component of phase voltage
R;=stator resistance per phase

X,=stator reactance per phase

R.=rotor resistance per phase as referred to stator.
X.=rotor reactance per phase as referred to stator.

Note:
In this case, the rotor impedance is same as the rotor impedance referred to stator
as we have assumed voltage transformation ratio as unity.

The equivalent positive sequence current is given as
Li=Vo/[(RA(R/S))2H(XKAX)2TY2 e 7.1
Therefore,
Rotor copper loss/ph =1..*XR,
In the case of an induction motor, we know that
torque in synchronous =rotor input
=rotor copper loss / s
=power / (1-s)
Using the above relations, we get the positive torque produced per phase due to
positive sequence currents as
T,=L°XR/S  syn. Watts e 7.2
and positive shaft power is,
P,=T,(1-s)
=L°XR/S (1-8) WAttS i 7.3
Where, 1., is defined through equation 7.1
When negative sequence voltages are applied to the stator, the negative sequence
currents produced in the rotor circulate at (2-s) times the supply frequency but in
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opposite direction. The approximate negative sequence equivalent circuit is shown
in fig 7.2.

Fig. 7.2

On similar lines as derived above, we get the negative sequence current as:
I.=V. /[(RAA(R/(2-9)))2+(XAX)2TY? e, 7.1
The negative torque produced per phase is
T,=- L,2.(R/(2-s)) syn. Watts e, 7.5
and negative shaft power is
P,=T,(1-s)= -I.,°.(R/(2-5)).(1-s) watts .., 7.6
The net three phase torque produced is thrice the sum of positive and negative i.e
T=3(T,+T,)
=3.[{I..%.(R/s)} -{1..2.(R/(2-s)}] syn. Watts  ................. 7.7

similarly, the net three phase power produced is given by
P=3(P,+P,)
=3.[{L:* .(R/s)(1-s)} -{L.* .(R/(2-5).(1-5)}]
=3.[{L.?.(R/S)} {1..2.(R/(2-5)}].(1-S)  iriiiiiiieinennn, 7.8
=T(1-S) e 7.9

Thus it can be observed that due to the negative torque produced by the
negative sequence components of the unbalanced voltages, the net torque and
hence the net power output is reduced. In addition to this, the negative sequence
currents circulating in the rotor at (2-s) times the supply frequency, produce a
large amount of coreless than their counter part of positive sequence currents
which circulates at s times the supply frequency. This may some times result in
overheating of rotor core. Hence, the performance of a three phase induction
motor deteriorates when supplied with unbalanced voltages.

8.3 Single phasing of an induction motor:

Single phasing means the opening of one wire (or leg) of a three phase
circuit whereupon the remaining legs at once becomes single phase. When a three
phase circuit is functioning normally, there are three distinct currents flowing in the
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circuit. As is known, one of the three phases act as a return path for the other two.
Obviously, an open circuit in one wire kills two phases and there will be only one
current or phase working, even though two wires are left intact. The usual cause of
single phasing is due to the blowing out of a fuse in the switch gear because of
over loading of the machine.

Consider a star (or equivalent star) connected stator of a three phase
induction motor. Let us assume that an open circuit occurs in phase a. This is
diagrammatically shown in fig 7.7.

The terminal conditions are,

I.=0 (open)

I,=-I.=I (say)

In terms of symmetrical components, we can write

L:=(1/3)(I.+a.ly+a%. L)
=(1/3)(0+a.I-a.I)
=((a-a%)/3).1
=(j/V3).1

similarly,

L,=(1/3)(I.+a%.Iy+a.l.)
=(1/3)(0+a*.I—a.l)
=((a*-a)/3).1

=(-j/V3).1
It can be observed that,
Ia1=_Iaz=(j/-\/3).I ................................ 7.10

The only voltages that is known to us in this case is the line to line voltage
between the lines b and ¢, that are not open.
Hence,
V=V,

=V.-V,

=(Vy+a.Va+az.V.,) - (Veot+a?.Va+a.Ve,)

=(a-a%)(Val-va2)
or V.i-V.,=V./(j/V3)
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Val_Va2=VA/-\/3 .............................. 7. 11

=Magnitude of the phase voltage.
An equivalent circuit connecting the two sequence networks and satisfying
equations 7.10 and 7.11 is as shown in fig 7.8.

R, i%s R/s [
Api—T W —— T
T_ —La T
¥y = ¥zl = l% = :_'%
—r L, l
R % Ky i

(2-5) Fig. 7.8

From the circuit, it can be observed that,
Li= -I,= [Va/V3] / [{2R+(R/S)+(R/(2-3) 3 +{2(X+X.}?]Y% .......... 7.12
The net three phase torque is given by,
T=3.L:’[(R/s)-(R/(2-s)]
=6. I,,2Rr.[(1-5)/{s.(2-s)}] syn. Watts ....iiiiiiiiiiiiienns 7.13
The net three phase shaft power output is (1-s) times the torque in syn. Watts.
Therefore,
P=6.1,%.Rr.[(1-5)%/{s.(2-5)}] WattS.....cecvrvrrririririnennnnn. 7.14

Equations 7.13 and 7.17 indicates that, for s=1(at standstill position), the
net torque and the net power output are zero. This indicates that a stationary
motor will not start with one line open. In fact, due to heavy standstill current, it is
likely to burn out quickly unless immediately disconnected.

For 0<s<1, i.e during the running condition of the motor, the net torque and
net power output is positive. This implies that a running motor will continue
running with one-line open. However, if the motor is very heavily loaded, then it
will stop under single phasing. Since it can neither restart not blow out the
remaining fuses, the burn out of the machine is very prompt.
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