CHAPTER ONE

ELECTRICAL POWER SYSTEM ENGINEERING
1.1

INTRODUCTION
Electrical power systems are interconnected A.C. network comprising generators,

transformers, transmission lines, cables and loads. The route taken by the flow of power
is determined by switching circuit breakers, which adjust the network configuration.
Control of power flow is achieved by adjustment of transformer turn ratio, in a
chain excitation and steam input to turbine.
The function of the system generator is to provide constant voltage and frequency
(within specified limit), maintaining continuity of the supply against faults developing in
the network. Most systems operate as balance 3 -  network, enabling normal, single
phase A.C. circuit to be applied in the network, when the loading is also balanced, i.e.
symmetrical as regards system the phases.
A system that is asymmetrical can be forced to be symmetrical by applying a
symmetrical component.
In any event, the components of the system will be designed with the balanced
loading and the normal operating conditions in mind. Unbalanced conditions which arise
as fault or with abnormal loading will lead investigation to ascertain the consequences,
but the intension of the design is to make the power system equipment generally
symmetrical as regard phase loading.
Certain exceptions should be noted however, in which symmetry is impossible
due to the physical layout, examples are:Transmission lines – equilateral spacing is not always possible unbalance or

(i)

imbalance can be minimize by transposition.
3 – twin and 5 limb core – type transformer have non-identical magnetic

(ii)

circuit for each phase.
(iii)

Arc – furnaces are examples of single phase loading which can cause
imbalance in the system supplying the power.

1.2

REPRESENTATION OF ELECTRICAL POWER SYSTEM

A power system consists mainly of the following components:
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1.

Generators

2.

Transformers

3.

Transmission lines.
The three-phase system can be solved, by solving for a single-phase circuit, viz.

phase-to-neutral, if it is balanced under normal operation. Many times, the components of
the system are shown in a single line diagram omitting the neutral also. The single-line
diagram shows the main connection and the arrangement of the system parts. The data of
the apparatus shown may be written on the diagram itself to show the constants of the
parts and the connections in the circuit as well as their capacities.
Figure 1.1 shows a typical power system, using a single-line diagram. Generator
A has a rating of 10 000 kWA, three-phase, 11kV, and its subtransient reactance is Xn =
1.8 . Generator B has rating of 20 000 kVA, 11kV, three-phase and its subtransient
reactance Xn = 0.9. The transformers TA and TB on each side are three-phase
transformers each having a rating of 20 000 kVA, 11/10 kV, delta-star and having
reactance X = 21  referred to the high-voltage side. The transmission line is of 110 kV
and has reactance, X of 25. The star points of the generators are earthed through
resistances. The star points of the transformers on the high-voltage side are earthed.
T1
G1

T2
M2

Fig.1.1 A single-line representation of a typical power system

The impedance diagram of the power system in Fig. 1.1 is shown in Fig.
1.2(a). The generator can be represented as a source of E.m.f with a resistance and
reactance in series with it, the transformer by its equivalent circuit and the
transmission line by its equivalent circuit. For short-circuit studies, an approximate
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equivalent circuit may be constructed by omitting resistances, capacitances and the
magnetizing branch of the transformers in the circuit.
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Fig.1.2 (a) Impedance diagram for the power system in Fig. 1.1
(b) Reactance diagram corresponding to Fig. 1.1
Figure 1.2(b) shows the reactance diagram of the system corresponding to Fig.
1.2(a). all the quantities, viz. reactance, impedances, etc, when represented in impedance
or reactance diagrams, should be generally referred to the high-voltage side. It could then
be treated as one circuit for calculations.

A typical power system can equally be

represented using single line diagram as shown in figure 1.3 below.
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Double circuit
transmission line
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earthed star

Infinite
busbar

Circuit breaker
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Transformer
Local load
Busbar (low voltage)
Load

Figure 1.3 Single Line Diagram of a power system
1.2.2 INFINITE BUSBAR
A busbar that will maintain voltage independently of how much current is drain
from it, in order words, it is assume to be connected to an impedanceless voltage source.
1.3

PER UNIT SYSTEM
Numerical solution of power system network is usually carried out using per –

unit value of electrical quantities such as current, voltage, real and reactive power and
impedance. In a per-unit system, the electrical quantities are expressed as a decimal
fraction of a fixed based value of the same quantity. All quantities therefore when
expressed in per-unit are fundamentally dimensionless.
Base quantities are not chosen at random but interrelated and referred to important
value like rate voltage and rate current. The advantages of per-unit system of working are
as follows.
(1)

While the associated apparatus may varies in seize due to differences in rating, the
losses and inductive voltage drop vary insignificantly in watt and volts for
machine of different rating.
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(2)

Changes in system voltage level due to the presence of transformer does not affect
per unit calculations. The base properties will be adjusted to accommodate the
changes.

(3)

Per – unit quantities are ideal for systematic computation. The order or magnitude
of terms involved in computation are much restricted.
To facilitate the solution of the power system quickly, the component ratings are
expressed in values common to the same reference base, by expressing, base kVA
and base voltage are to be chosen. Then the base current and the base impedance
can be expressed as follows:

Base current 

(1.1)

Base KVA
Base KV

Base impedance 

Base voltage in volts
Base current in amperes

Per unit impedance, Z 



Base KV 2

(1.2)

Base MVA

Actual impedance

(1.3)

Base impedance

Base kW = Numerical value of base kVA

(1.4)

Consider a single-phase transformer with and equal resistance referred to the primary
rated voltage V1 and primary rated current I1. This rated quantity will be use to provide
primary circuit based quantities.
re2

=

re1 (N2 / N1)2

(1.5)

Base impedance in the primary circuit
= V1 / I1 (ohms)
Base impedance in the Secondary circuit = V2 / I2

(1.6)
(1.7)

Per unit resistance of primary quantities is
=

re1 = V1 / I1 = I1 re1 / V1 = I21 re1 / V1 I1 = per unit power.



actual resis tan ce in ohm / phase



Volt drop across re1 when base current flows

(1.8)
(1.9)

base impedance in ohm / phase



(1.10)

rated (base) voltage / phase
power dissipated in re1
rated voltage / phase
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(1.11)
1.3.1 THREE PHASE – BASE QUANTITIES

Base current on the h.v. side 

Base M .V . A  103

(1.12

3  Base voltage in h.v.winding

1.3.2 CHANGE IN BASE

 New base voltage 

New base impedance  old base impedance  
 old base voltage 



Example 1.1
A generator supplies load of 50mW at 0.8p.f lagging and 30kV via a transmission
line and a pair of transformers.
Transmission line impedance =j100
T1= 11 / 132kv 50 MVA, 0.1 p.u
T2= 132 / 33kv, 50 MVA, 0.12 p.u
Choose a base MVA of 50
(a) Draw the single line diagram of the Power System.
(b) Calculate the per unit quantity
(c) Draw the reactance diagram corresponding to the network
(d) Calculate the alternator source voltage.

Solution
a) Single Line diagram for the power system in Example:
j 100

Load

G
T2

V5

T1
11/132kv
50MVA
0.1 p.u

T2
132/33kv
50MVA
0.12 p.u

50MVA
0.8 p.f
30kv

b) To calculate the per unit quantities
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Steps:
(1)Choose MVA base, say 50 MVA being transformer rating
(2)Choose base KV in each section of the network say 33kv at load busbar giving in
transmission line 132kv and 11kv at generator busbar.
(3)Organize all system impedance data in per on selected bases for MVA and KV
Base impedance in transmission line

132  348
V2

MVA
50
2



 Per unit impedance 


Actual impedance
Base impedance

j100
 j 0.287 p.u
348

The per unit impedance of T1 and T2 remains 0.1 p.u & 0.12 p.u respectively.

c) To construct the reactance diagram for the network
T1
T2
j 0.1

j 0.287

j 0.12

Vs

VR

Fig. 1.5: Reactance diagram for the network
(d)
To calculate the alternator source voltage i.e. terminal voltage of generator from
reactance diagram above.
The alternator source voltage
Note
V
R = load voltage or voltage at receiving end.


VS  VR  I 2 ( j 0.1 j 0.287  0.12)




V R  I 2 ( j 0.507) all quantities exp ressed in p.u. value.




Expressin g VR and I L in per unit .
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VR

= 30 = 0.91 p.u
33
load takes 50MW at 0.8p.f lag and 30Kv
= 1.0 p.u. (MW) at 0.91p.u voltage at 0.8p.f lag
PU

power = MVA cosØ = M watt
MVA = M watt = I.P.u = 1.25/ -36.870 p.u
CosØ 0.8
CosØ = 0.8 lagging => Ø = cos-1 (0.8) lagging = 36.870 lagging
Since P. Fis lagging
Ø = -36.870
Ie MVA of load = 1.25/-3.870P.u.
S = VR Ix2 = p – jp
Reaction power

= 1.0 – j0.75 p.u.

Current = power in VA i.e I = Voltage x current
Volts
Voltage
I2 = 1.0-j0.75 = 1.1 –j0.824 p.u.
0.91



V S  0.91  (1.1  0.8242)( j 0.507)

 0.91  0.418  j 0.558
 1.328  j 0.558


V S  in polar form (to get the megnitude)


i.e V S  1.441/ 22.810 p.u.

The alternator source voltage.
Considering magnitude only
Vs actual = 1,443 x KV base of transformer T1 primary.
= 1.443 x 11KV
=15.87KV
Note 11kV is the voltage of the primary of transformer T1
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From the above calculation it is seen that the alternator source voltage is =
15.87kV

1.4

ECONOMICS POWER-SYSTEM OPERATION.

Introduction
The extensive interconnection of power sources has made the operation of a system in the
most economical manner a complex subject. Economy must be balanced against
consideration such as security of supply. The use of the merit order ensures that as far as
possible the most economical generating sets are used. A knowledge of the flows of real
and reactive power and other parameters in the network. And the operation to attain an
economic optimum, although experienced operators certainly approach this aim.
Nowadays, the use of digital computers for load flows and fault calculations and
the development of optimization techniques in control theory have resulted in much
attention being given to this topic.
Apart from financial considerations, it is becoming difficult for operators to cope
with the information produced by large complex with on-line facilities can more readily
digest this information and take correcting action by instructing control gear and settings
or by the suitable display of relevant information to enable human operators to take
appropriate action. In the attempt to obtain economic optimization the limitations of the
system, such as plant ratings and stability limits, must be observed.
Optimization may be considered in a number of ways according to the time scale
involved, namely daily, yearly (especially with hydro stations), and over much longer
periods when planning for future developments, although this later is not strictly
operational optimization. In an existing system the various factors involved are the fixed
and variable costs. The former includes labour, administration, interest and depreciation,
etc., and the latter, mainly fuel. A major problem is the affective prediction of the future
load whether it occurs in 10 minutes, a few hours, or in several year’ time.
For operational planning, daily operation, and the setting of economic schedules,
the following data is normally required.
For each generator
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1.

maximum and economic output capacities;

2.

fixed and incremental heat rates;

3.

minimum shut-down time:

4.

minimum stable output, maximum run-up and run-down rates

5.

cost and calorific value of fuel (thermal stations):

6.

factors reflecting recent operational performance of the station:

7.

minimum time between loading and unloading successive generators;

8.

any constraints on station output.

For the system
1.

load demand at given intervals for the specified period;

2.

specified constraints imposed by transmission capability:

3.

running-spare requirements;

4.

transmission circuit parameters, including maximum capacities and reliability
factors.

________ - output characteristic of a turbine is of great importance when figure 1.4
The incremental heat rate is defined as the slope of the input-output curve given
output. The graph of the incremental heat rate trainst output is known as the Qillans
line. For large turbines with a single calve, and for gas turbines. The incremental heat
rate is approximately constant were the operating range (most steam turbines in
Britain are of this type); with multivalve turbines 9as used in the U.S.A.) the Willans
line is not horizontal out curves upwards and is often represented by the closest linear
law. The value taken for the incremental heat rate of a generating set is sometimes
complicated because if only one or two shifts are being operated (there are normally
three shifts per day) heat has to be expended in banking boilers when the generator is
not required to produce output.
Instead of plotting incremental heat rate or fuel consumption against power output
for the turbine-generator, the incremental fuel cost may be used. This is
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Heat input
(joules/hour)

0

No- load
heat loss

0.8
Output p.u of rating

1 p.u

Figure 1.6
Input-output characteristic of a turbogenerator set. Often the curve above an output of
0.8 p.u. is steeper than the remainder and the machine has a maximum rating at 1 p.u. and
a maximum economic rating at, say 0.8 p.u. advantageous when allocating load to
generators for opumum economy as it incorporates differences in the fuel costs of the
various generating stations. Usually, the graph of incremental fuel cost against power
output can be approximated by a straight line (Fig 1.7). Consider two turbine-generator
sets having the following different incremental fuel costs. DC1dP1 and dC2/dP2, where C1
is the cost of the fuel input to unit number 1 for a power output of P 1 and similarly, C2
and P2 relate to unit number 2. It is required to load the generators to meet a given
requirement in the most economical manner. Obviously the load on the machine with the
higher dC/dP will be reduced by increasing the load taken by the machine with the lower
dC/dP. This transfer will be beneficial until the values of dC/dP for both set are equal,
after which the machine with the previously higher dC/dP now becomes the one with the
lower value, and vice versa. There is no economic advantage in further transfer of load,
and the condition when dC1/dP1 = dC2/dP2 therefore gives optimum economy; this can be
seen by considering (fig

). The above argument can be extended to several machines

supplying load. Generally, for optimum economy the incremental fuel cost should be
identical for all contributing turbine-generator sets on free governor action. In practice,
most generators will be loaded to their maximum output.
The above reasoning must be modified when the distances of generating stations
from the common loads are different: here the cost of transmission losses will affect the
argument.
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As important as the transmission losses is the optimum method of transporting
fuel from the production centers to the generating stations. The transport of both
electrical energy and fuel in the optimum manner forms transportation problems, which
may be dealth with by special techniques or by the general method of linear
programming. In a competitive situation the transportation costs will be included in the

Incremental fuel cost (dc/dp)

generator bid price.
(1)
(2)

P2
P1
Electrical power output p.u

Figure 1.7 Idealized graphs of increment fuel cost against output for
two machines sharing a load equal to P1 and P2
Example 1.2
Four generators are available to supply a power system peak load of 472.5 MW.
The cost of power C(P)1 from each generator, and maximum output is given in (SUS) by:
C(P1) = 200 + 15P1 + 0.20P21

max. output 100 mw

0.10P22

max. output 120 mw

C(P3) = 150 + 12P3 + 0.15P23

max. output 160 mw

C(P4) = 500 + 2P4 + 0.07P24

max. output 200 mw

C(P2) = 300 + 17P2 +

The spinning reserve is to be 10 per cent of peak load and the transmission losses
can be neglected.
Calculate the optimal loading of each generator and the cost of operating the
system for 1 h at peak.
Solution
The generators combined output is to be 472.5 mw.
Marginal costs are given (in Naira/MW) by:

dC P1 
 15  0.40P1
dP1

dC P2 
 17  0.20 P2
dP2

P1  100MW
P2  120MW
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dC P3 
 12  0.30 P3
dP3
dC P4 
 2  0.14 P4
dP4

P3  160MW

P4  200MW

The marginal cost curves are plotted in Fig

for each of the generators up to their

maximum output.
From the curves, at 30$/MW the outputs are
P1 = 23
P2 = 64
P3 = 60
P4 = 200
Total = 347 MW
Hence, P4 runs at full output and the remaining generators must sum to 272.5 MW. At 40
$ MW the output sum to 446 MW. At 41 $/MW P2 reaches its maximum of 120 MW, and
P1 = 40 MW and P3 = 98 MW (total 458 MW).
This loads 14.4 MW be found P1 and P3.

60
SMP 44 U.S. S/MW

40

P1

P3

P2

20
P4

0

40

80
120
160
200
Generator output
Figure 1.8 Marginal cost curves for four
generators

MW

Adjusting the marginal cost line now to 44S/MW provides 44M from P1 and 108
MW from P3 giving a total of 472 MW, which is near enough when using the graphical
method. The spinning reserve on these generators is 108 MW, more that enough to cover
10 cover per cent of 472.5 MW.
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The cost operating the system for 1 h at peak is

C(P1) = 200 + 15 x 44 + 0.2 x 442 = $1247
Similarly
C(P2) = $3780
C(P3) = $3195
C(P4) = $3700
Total = $11922
i.e
11922
 25.2$ / MW
472.5
Note: This is the average cost per hour whereas the marginal cost was calculated as
44S/MW. It can be seen that the use of large units on base load
(e.g…………………………………………………………………………………………
……………………………

BASIC FORMULATION OF THE SHORT-TERM OPTIMIZATION
PROBLEM FOR THERMAL STATIONS
Lamayer (1958) uses Lagrange multipliers in formulating equations. Facing
transmission losses.
P1 = power output of I (MW)
PR = total load on system (MW)
PL = transmission losses (MW)
FT = total cost of generating units (money/h)
 = Lagrange multiplier (money MW/)
n = number of generating units
Total input to the system from all generators PT ni = 1 Pi and
 n 
  Pi   PL  PR  0
 1 
lagrangian multipliers, the expression


n



  FT     Pi  PL  PR 

 1

Formulated, where for minimum cost (FT), /Pi = 0 for all values of i.

Note the use of partial differentiation here.) This given by

P
 dFi

  L  0
Pi
Pi dPi
PL
dFi


dPi
Pi
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Since PR is assumed fixed. Hence
In equation (

), PL/Pi is the incremental transmission loss. One way of solving the

equations described by (

) is known as the penalty-factor method in which equation (

)

is rewritten as

dFi
Li  
dPi
Where



1
  Penalty factor of plant i
Li  
1



P
P
L
i 

Where i = 1 … n (number of plants). In practice the determination of PL/Pi is difficult
and the use of the so-called loss or ‘B’ coefficients is made i.e.

PL
  2 Bmi Pm  Bi 0
Pi
i
Where the B coefficients are determined from the network (see Kirchmayer 1958).
There are many drawbacks to the above treatment e.g. limitations on power flows
by equipment ratings transformer settings, and maximum phase angles allowable across
transmission lines on stability grounds. Also it is concerned only with active power
reactive power being neglected or taken into account by limiting MW flows across
defined group boundaries.
The value of  at any particular period is known as ‘system lambda’ or ‘system
marginal price’ (SMP).
= I.p.u (mw) at 0.91 p.u. voltage
IL

=

1 + j0.75 / 0.91

V5

=

1.44 p.u

=

15.8kv

A 100 MVA cylindrical rotor generator has synchronous reactance 1.5 p.u and supplies a
substation L through a step up transformer of reactance 0.1 p.u. two lines each of
reactance 0.3 p.u in parallel and a step down transformer of reactance 0.1p.u. The load at
L = 100mw at 0.8 p.f Lag. L is also connected to a local generating station, which is
represented by an equivalent generator of MVA with 2 p.u. synchronous reactance.
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ELECTRICAL POWER SYSTEM DESIGN
4.1

Explain the method of representing a power – system network by the single-line
diagram. How is the impedance diagram constructed for representation of the
system?

4.2

Explain the per-unit method of representing quantities. How is the base KVA
chosen for the solution of circuit for fault calculation? How are per-unit
impedance and per-unit admittance related to per-unit values of current, voltage,
and KVA in single- c phase and three phase circuits?
Figure 4.20 show a single – line diagram of a power system with a generator at
one end, a step-up transformer supplying power to one motor-load over a
transmission line and through a step-down transformer. Express the reactance of
the system in per-unit values and show them on the diagram. The rating or the
specification of the equipment is as follows:
G1 – 20000 kVA, 11 kV, three-phase, 50Hz. Star point of the generator
connected to neutral through a resistance.
M2 – Synchronous motor load of 10000 kW as 0.9 power factor, 11 kV, three-

phase, 50 Hz. The efficiency of the motor is 90%. Subtransient reactance of G1 is 14%
and M2 is 18%. The transformers T1 and T2 are each three-phase
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TA

TB

A

B

Fig. 4.20

Power system for Example

transformers, 11kV/100 kV, 25 000 kV, 50 Hz connected delta/star with star point
earthed at the high voltage side. The leakage reactance of the transformer is 8%.
Reactance of transmission line is 40 .
4.3

Discuss network laws and network theorems and explain with an illustration the
use of the particular problems for easy solution.

4.4

Figure 4.2.1 show a simple power system. The values of the elements are given in
terms of admittance. Write down the equations for the nodes A, B, C, D, E and F.
Use matrix method for the solution and eliminate the nodes D, E, F.
Explain the method of finding out current supplied from A and B if EA =

- j6
A
EA

- j2

D

- j3

- j3

+


F

- j3

B
+

- j10



EB

C
Fig. 4.21 A simple power system for Example 4.4
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1.3  150 and EB 1.0  00 and also find the power supplied to each part of the
network.
4.5

Three resistors of 10, 20 and 25  are connected in delta across phase A, B and C
respectively of a balanced three-phase 230 V system. What are the sequence
components of currents in the resistors and in the supply lines? (Ans. Ibc1 = - 1.53
– j3.94; Ibc2 = 1.53 + j3.94; Ibc0 = 14.6; Ia1 = 6.85 – j2.66; Ia2 = 6.85 + j2.66; Ia0
= 0).

4.6

a three-phase star-connected system with earthed neutral at the generator end
supplies a star-connected load consisting of 50 , 20 + j 100  and 100 in lines
1, 2 and 3 respectively. The supply voltage is 230V, three phase balanced (phase
values). If the star point of the load is not earthed, find the values of current in
each line, and the voltage of the star point of the load (neutral) above earth. Use
the method of symmetrical component. (Ia = 4.65  - 23.350 : Ib 3.1  168.830 ; Ic =
1.68  139.650 VN = 271  810).

4.7

A generator has a sustained fault with phases b and c short-circuited together and
to the neutral. Prove t hat the zero-sequence impedance is given by

Z

0



Ea
In

where, Ea is the voltage from the unfaulted conductor to neutral and In is the
current through the neutral.
4.8

A dead earth occurs on one of the three conductors of a cable (phase a) supplied
by a 5000 kVA, three-phase generator with earthed neutral. The generator gives
3300 V (line-to-line) on open-circuit. The positive, negative and zero-sequence
impedances of the generators are Z1 = 0.5 + j5.0; Z2 = 0.25 + j0.8 and Z0 = j0.5 
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per phase. The corresponding lines-to-neutral values for the cable up to point of
fault are: 0.30 + j0.25, 0.30 + j0.25 and 3.0 + j1.0. Find the fault current, sequence
components of current in each line, and the voltages of the sound lines to earth at
the fault point.
(Ans. Ia = 312 – j561 = 642  - 610 ; Ia1 = Ia2 = Ia0 = 104 – j187 Vb =1275  195,530
V; Vc = 1650  109.40 V)
4.9

Explain transient stability and steady-state stability of a power system.

4.10

Explain equal-area criterion for determining the transient stability of a power
system. Prove the method by illustration.
Explain the methods of improving power-system stability.
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CHAPTER TWO
LOAD FLOW STUDIES

The distribution of complex power s = (P + j Q) and the voltage level at the
various busbars of a power system are generally concern to the power system
designer. Even when the system has been design and is operational, the system
operation continue to monitor the operation.
In the planning of new system and the extension of existing ones, load flow
studies are undertaken to ensure that
(i)

The propose system is dynamically stable

(ii)

No transmission circuits are over-loaded, even with some out of circuit.

(iii)

The voltage of all busbars are within limits and the flow of reactive power in
the network is acceptable. The essential features of a sample three – bus
network are shown in fig: 4.1

S3

S1
V1

V3
V2 S2

Neutral

Fig. 4.1 Three bus network
The nodes in fig 4.1 are nodes as the slack busbar. Three equations may be
ordered as follows:

 I1   Y11  Y12
 I    Y
 2   21 Y22
 I 3   Y31  Y32

 Y13 
 y23 
y33 

V1 
V 
 2
V3 

(1)

Since the current I1 and voltage V1 are specified, equation (1) can be reduced to two
simultaneous equation, thus;
I2 = - Y21 V1 + Y22 V2 – Y23 V3

(2)

I3 = -Y31 V1 – Y32 V2 + Y33 V3

(3)

Expressed as

I2 

P2  jQ2
V2

(4)
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Because complex power
J = P + j  = VJ*
Substituting equation (4) into equation (2) gives
P 2  jQ2
  y21v1  y22v2  y23v3
V2

(5)

Hence
1
v2 
y22

(6)


 P 2  jQ2
y
v
y
v




21
1
23
3


 V2

Similarly,

v3 


1  P 2  jQ2
 y31v1  y32v2 


y33  V3


(7)

In general for the Kth bus

vK 


1  PK  jQK I  N
  YKI VI 


yKK  VK
I 1


For I = K

It shows that the problem is non linear, (interwoven).
The swing curve is shown below.
deg
m = 115.380
114.520

54.140
0 = 28

0.1sec
Fault cleared

0.55sec

0.6sec

t (sec)
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4.3.1 CLASSIFICATION OF BUSES IN THE SYTEM
When considering a large system having buses, the buses are classified into three
types:
A PQ bus is one at which the total injected power is specified, i.e. the real and the
reactive power injected into the network at the bus.
A PV bus is one at which total injected active power is specified and the voltage
magnitude is maintained constant at a specified value by reactive poer injection.
One of the buses in the system, to which generators are connected, is chosen as
slack or swing bus. At this bus, the magnitude and phase angle of the voltage is
specified. The active power at the bus is unknown. The swing bus is a fictitious
concept in load-flow studies and arises because the system I2R losses are not
known precisely in advance for the load-flow calculations. Therefore, the total
injected power cannot be specified at every single bus. At the swing bus, it is
customary to regard the active power as unknown.
The difference between the expected and solved megawatt output represents the
error in the prior estimate of system I2R losses. The generators at the swing bus
supply, the difference between the specified real power to be injected into the
system at other buses and the total system output plus losses.
4.4

DATA LOAD FLOW STUDIES

The steps in the collection of system data are:
Draw a single-line diagram of the system.
Assuming a balanced three-phase system, the transmission system is represented
by its positive-phase-sequence network of linear-lumped series and shunt
branches. The line impedances and shunt admittances in per-unit values are then
found, including transformer impedances, shunt capacitor ratings and transformer
tappings.
Node self and multual admittances are found, using nodal analysis.
The shunt capacitance and per-unit resistance and reactance between the
terminating buses of the line are determined.
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The operating conditions are selected. The static operating state of the system is
then specified by the constraints on power and/or voltage at the network buses.
After getting the above type of data, a sultable mathematical model of the system,
adequately describing the relationships between voltages and powers in the
interconnected system, is formed. Power and voltage constraints at various buses
in the network are then specified and the loadflow equations are solved
numerically. When various bus voltages are determined, actual load-flow in all
transmission lines is computed.
Example 4.2
Figure 4.4 shows a three-bus system. The magnitudes of the bus voltages at buses
1, 2, 3 are 1 per unit each. The bus powers at the three buses are given in Table
4.2. Calculate the load-flow in each of the transmission lines in the network. The
admittances of the lines between bus to bus are given in Table 4.3, as worked out
from the impedances given.
Table 4.2
Bus

Real

power Reactive

demand

Real

power Reactive

power demand generation

power
generation

1

PD1 = 0.5

QD1 = 0.3

PGt = 0.3

QG1 Not

2

PD2 = 0

QD2 = 0

PG2 = 1.0

QG2 specified

3

PD3 = 0.8

QD3 = 0.8

PG2 = 0

QG3

Q3 = - Im {(-0.588 235 j 2.352 941) (0.941 321
+ (1.176 470 – j 4.705 882) x 1.03
+ ( - 0.588 235 + j 2.352 941) x 1.0} 1.03
Solving
Q3 = 0.244 795 per unit
V3 


1  P3  jq3
 v1 y31  v2 y32  v4 y34  v5 y35 

*
Y33  V3
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Substituting,
V3 

1
1  j 0.244795

1.176470  j 4.705882 
1.03

[(0.941 321 – j 0.706 869) x (- 0.588 235 + j 2.352 941)
+ 1 ( - 0.588 235 + j 2.352 941)}
Solving V3 = 1.141 499 + j 0.124 812
= 1.148 303 6.240
This value of V3 must now be corrected to agree with the specified magnitude.
The magnitude of V3 just calculated is 1.148 and the corrected complex of V3 of
magnitude 1.03 is
V3 

1.03
1.141499  j 0.124812
1.148303

= 1.023 897 + j 0.11 9534
= 1.029 999 6.240 per unit.
4.5

ALTERATIVE COMPUTATION OF NONLINEAR ALGEBRAIC

EQUATIONS
To solve simultaneous nonlinear algebraic equations, the method of numerical
iteration is used. The general form of SLFE can be solved by using one of the
following methods:
The Gauss-iterative method
the Gauss-Siedel method
the Newton-Raphson method
The load-flow equations are of the form
f2 (x2, x2, …, x,,) = 0
fn (x1, x2, …, xn) = 0
The same can be written in general vector form as:
f(x) = 0
The solution of such equations can be obtained by approximate techniques to get
the numerical solution as accurate as desired.
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The steps in solving the problem by iteration methods are:
Guess the initial solution approximately.
This solution is used in conjunction with the original equation to compute a new
and more accurate estimate.
The second estimate is used in finding out the third estimate and so on.
Any process of successive approximations used to obtained a numerical solution
of algebraic equations, differential equations, etc. is known as iterative method.
Digital computers are used for obtaining the solution quickly. The list of computer
instructions stating the sequence of operations is an algorithm. The quality of an
algorithm is decided by the speed of convergence.
The Gauss and Gauss-Siedel methods of iterative solution of nonlinear
algebraic equations are illustrated in simple case by the following examples.
Example 4.5
Consider the nonlinear equations
3 x1 + x1 x2 – 2 = 0
3 x2 – x1 x2 + 2 = 0
solve this set using the Gauss-iterative method.
Solution;
Using the usual method, it is seen that the solution to the equations is x1 = 11 x2 = 1. Let us now solve it by the iteration method.
x1  0.6666 

x1 x2
3

x2  0.6666 

x1 x2
3

Initially, start iteration by assuming values for x1 and x2
x1(0) = 0
x2(0) = 0
then, iteration 1:
x11  0.6666  0  0.6666
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x21  0.6666  0  0.6666

Iteration 2:
x12   0.6666 

0.6666  0.6666
 0.8147
3

x22   0.6666 

0.8147  0.6666
 0.8147
3

Iteration 3:
x13  0.6666 

0.8147  0.8476
 0.8968
3

x23   0.6666 

0.8147  0.8147
 0.8878
3

Substitute the values obtained of x1 and x2 and continue steps x1(4), x2(4); x1(5) , x2(5),
etc. till final results obtained are steady.
Example 4.6
Solve Example 4.5 by the Gauss-Siedel method.
Solution
In the Gauss-Siedel method, the convergence is obtained faster by making use of
the upgraded iterates as soon as they are available, i.e use x(v+1) and not x(v), as
soon as it is available.
Iteration 1: Same as in Example 4.5.
Iteration 2:
x12   0.6666 

0.6666  0.6666
 0.8147
3

x22   0.6666 

0.8147  0.6666
 0.8476
3

Iteration 3:

x13  0.6666 

0.8147  0.8476
 0.8968
3

x23   0.6666 

0.8968  0.8476
 0.9200
3
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It will be observed that the speed of convergence in this method is increased or the
number of iterations needed is less.
Accelerations factor: The convergence process can be considerably increased in
the above methods by the application of acceleration factor. If, x2(v) indicate the
variable change in the (v – 1)th and vth iteration, the difference variables can be
written as:
x1(v) = x1(v) – x1(v-1)
x2(v) = x2(v) – x2(v-1)
If the difference is multiplied by the acceleration factor  which is larger than
unity, the accelerated iterates are obtained as follows:
x1(v)acc = x1acc(v-1) +  x1(v)
x2(v)acc = x2acc(v-1) +  x2(v)
These accelerated values of x1, x2 are used in the iteration process instead
of x1, x2.
The value of  is taken between 1.5 and 1.7 for the solution of load-flow
equations.
The Newton-Raphson Method is based on the Taylow series expansion for a
function of two or more variables.
The principle can be illustrated taking the simple case of a system of only two
equations of the type,
f1 (x1, x2) = 0
f2 (x1, x2) = 0
if x1(0) and x2(0) are the assumed values of x1 and x2 and if x1(0) , x2(0) are the
difference variables that should be added to the guessed values to obtain the
correct solutions, then
f1(x1(0) + x1(0) , x2(0) + x2(0) ) = 0
f2(x1(0) + x1(0) , x2(0) + x2(0) ) = 0
by expanding these equations in a Taylor series,



0 

0 

f1 x1 , x2



f 
 x1  1 
 x1 
0  

0 

f 
 x2  1 
 x2 
0  

0 

   0
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0 

0 

f1 x1 , x2



0   f 2



 x1 
 x1 
 f 

 xi 

0 

f 
 x2  2 
 x2 

0 

   0

0 

the symbol 
xi = xi(0)

0  

indicates that the partial derivatives must be computed for

The above equation can be written in vector form as
f(0) + J(0) x(10)  0
from Eq. (4.22) the value of x(10) can be determined
 x(0)  - [J(0) ]-1 f(0)
where the Jacobian matrix J(0) is given by
0 

0 

J 0 

 f 
 f1 

  1 
x
x
  1 0   n  0 
 f 
 f n 
  n1 

 x1 
 xn 

and
F 0 

 

 f1 x 0 

 
 f n x 0 



0 
; x



 

 x10  


  
x 0  
 n 

From the initial value for x, x(0) can be obtained and a better estimate of the value
of x obtained and so on.
4.6

GAUSS-SIEDEL METHOD OF SOLUTION OF LOAD-FLOW

PROBLEM ON DIGITAL COMPUTERS.
The load-flow problems can be conveniently solved on digital computers by using
iterative
methods. SLFE, power flows in lines and into buses can be calculated with ease
under given conditions of operations.

28

Figure 4.7 shows the flow diagram or algorithm for the computation of
load-flow problems on the digital computer by the Gauss-Siedel method.
The various steps are explained below:
Block 1 Load data: Read primitive Y matrix
Take slack bus voltage as (V1 , 10
Real bus powers Pt for I = 2, 3, …, n
Reactive bus powers Qi for I = m + 1, … n

(for PQ buses)

Specified voltage magnitudes [Vt ] spec for i = 2 to m
Reactive power limits Qt mtn. Qt max for = 2 to m

(for PV buses)

Block 2 from bus matrix
Y12

 Y1n

Ybus  Y21 Y22

 Y2 n

Yn1 Yn 2

 Yn 3

Y11

Block 3 make initial assumptions: Qt(0) and Vt(0) for I = 2, 3, 4, …, n;
i  1.
Block 4 Calculate constants Ai and Bi
Pi  jQi
 Ai for i  2,3,4,..., n
Yii

Yi
Yii

 Bi for i  2,3,4,..., n

And for  = 1, 2, …., n
Except  = i
Block 5 Set iteration count v = 0
Block 6 Set bus Bount I = 2 and Vmax = 0
Block (i) Test for type of bus: whether PQ bus or PV bus
Block (ii) Replace Vt(0)by Vtspec
Leave I as it is.
Block (iii) Compute Q1(0)
P

i

– j Qi – Yi1 V1 Vi* - Yi2 V2 Vt* - … - Yin Vn Vi* = 0
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Where I = 1, 2, 3, …, n
Block (iv) Check whether Qt(v)  Qt max
Block (v) Check whether Qt (v)  Qimin
Block (vi) Replace Qt(v) by Qmin
Block (vii) Replace Qt (v)  Qmin
Block (viii) Replace Vi(v) by Vispec
Block (ix) Recompute At
Block 7 iteration for PQ bus comes after Block 6 to Block 7 directly without going
through steps (i) to (ix) which are cases with PV buses.
Vi 0 1 

Ai

V   

o *

i

n

  BiV0 
 1
 i

For I = 2, 3, 4, …, n
Block compute Vt(v+1)
Vi(v+1) = Vi(v+1)- Vi(v) < c
for I = 2, 3, 4, …, n
block 9 check whether Vt Vmax
block 10 Set Vmax = Vt(n+1) 
block 11 Advance bus count i  i + 1
block 12 Check is i  n ?
block 13 Replace Vt(v) by Vt(v+1)
I = 2, 3, 4 …, n
Block 14 Is Vmax  c ?
Block 15 Advance iteration count v  v + 1
Block 16 compute (i) Slack bus power
(ii) line power flows
Pt – j Qi = Vi* (Yi1 V1 + Yi2 V2 + … + Yin vn]
Then bus power St = Pt + j Qt
Line power in line ij, is
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Sij = Pij + j Qij = Vi Iij*
Sij = Vi (Vi* - Vj*) Yij + Vi Vi* Ysh
Load-flow problems for a n-bus system under given conditions can be solved with
ease using computers, as indicated above.
4.7

NEWTON-RAPHSON METHOD

This method uses one Gauss-iteration to obtain good initial voltages starting
values for the Newton-Raphson method. These voltages are used to calculate
active power P at every bus except the swing bus and also reactive power Q
wherever reactive power is specified. The difference between the specified and
calculated values are used to find the correction of bus voltages. The process of
iteration is continued till the differnce in the specified and calculated values of P ,
Q, and V are within the given precision limit.
The general expression for power is,
n

Pi  jQi  Vi*  YinVn
n 1
n i

Vi = a i + j b i
And

Yin = Gin – j Bin

Using these values of
Vi, and Yin, the expression for the power at bus I,
n
Pi  jQi  a1  jb1  Gin  jBin an  jbn 
n 1

Equating real quantities gives Pt and equating imaginary quantities give Qt.
At buses where the magnitude of voltage is controlled, e.g. at bus k,
Vt2 = ak2 + bk2
Calculated and specified values of Pt Qt or Vt2 are compared and the differences
noted.
Pt = Pispec - Pical
Qt = Qispec - Qical
If the voltage Vt is specified in magnitude,
Vt2 = Vispec - 2 - Vical2
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The Newton-Raphson method requires a set of equations expressing the
relationship between the changes in real and reactive powers and components of
the voltages.
 P2   P2 P2
    a  a
n
2
 P  
 n   Pn  Pn

  a
an
2



  Q2  Q2

Q
 2   a2
an
    Q
Q

  n n
an
Qn   a2

P2 P2

b2 bn
Pn Pn

b2 bn
Q2 Q2

b2
bn
Qn Qn

b2
bn















 a 
 2


an 




b2 




 bn 





The square matrix of partial derivatives is called the Jacobian.
The steps for solving load-flow by the Newton-Raphson method are:
Calculate Pi and Qi or Vi2 from voltages obtained intitially by Gauss-Siedel
iteration and later by subsequent iterations using this method.
Calculate Pi and

Qi

or Vi2 (except I = 1) and if these are within

permissible limit, calculate P1, Q1 and print entire solution.
if difference is not within the permissible limit, evaluate elements of the Jacobian
by obtaining partial derivatives by differentiating equations for Pt and Qi.
Solve Eq. (4.31); find an, bn (except n = 1).
Determine new voltages at the buses by adding voltage changes to the previous
values of the voltages.
Return to the first step and repeat iterations still differences in power (active and
reactive) are within permissible limits.
4.8

COMPARISON OF LOAD-FLOW METHODS

The Gauss – Siedel method uses upgraded iterates as soon as they are available
and thus has an advantage over the Gauss-iterative method which takes longer
time.
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The methods used for load-flow studies calculations are Gauss-Siedel method or
Newton-Raphson method. The advantages and disadvantages of the two methods
can be compared as follows.
Gauss-Siedel Method:
This method uses rectangular coordinates when programming.
it requires the fewest number of arithmetic operations to complete an iteration
because of the sparsity of the network matrix and simplicity of solution technique.
It takes less time per iteration.
in this method, the rate of convergence is slow and the convergence characteristic
is linear.
the GS method is easy to program and has the most efficient utilization of core
memory.
it is used compute the solution of small system problems.
Newton-Raphson Method
This method uses polar coordinates preferably, because if rectangular coordinates
are used, it requires more memory.
it takes longer time as elements of the Jacobian are to be computed for each
iteration. The time per iteration for both methods increases directly as the number
of buses in the network.
NR method has quadrature convergence characteristics. For large system the NR
method is faster, more accurate and more reliable than the GS method.
The NR method is used with advantage for large systems.
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Example 1

Load flow study
A

VA

j0.3

1 : (1+t)

j0.2

B
VB

VC
Neutral

Example Fig:
3 busbars A, B, & C are normally interconnected by means of a mesh comprising feeder
AB and transformer feed BC &

0

AC.

When however, when AC is disconnected are to a

fault, the circuit reduces to that shown in fig 1, with the transformer tap at 0. t = 0p.u, the
short circuit driver point and transfer admittances of the network are incorporated.

j 3.333
0
 I A   j 3.333
 VA 
 I    j 3.333  j 6.667
j 3.0  VB 
 A 
 I A  
0
j 0.3
 j 2.705 VC 
With the loads at buster B and C in fig 1 express interms of injected power SB and
SC respective, describe an iterative procedure by which solution for node voltage VB and
VC may be obtained with generation at buster A metering VA = 1.0 p.u.
Solve for VB and VC in that order for 3 iterations taken initial coalition VB = VC = 1.0
+ j0. Take SB = 0.26926 p.u, SC = 0.221282 p.u.
Solution
IB = j3.333 VA – j6.667 VB + j3.0 VC
But,
IB 

PB  jQB
VB

PB  jQ3
 j 3.333VA  j 6.667VB  j 3.0VC
VB

VB 


1  j 0.22696
 j3.33  j3.0

 6.66  1  j 0
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VB0 = 0.916 p.u
Similarly VC1 = 0.934



1
j 0.22696
VB1  
 j3.33  j3.0  0.934

  j 6.667 0.916
= 0.8830
VC11 = 0.89149
VB111 = 0.8614
VC111 = 0.879

Example: 2
V = 1 p.u (1)
j 0.05

(3)
j 0.2p.u

P = 0.6 + j0

j 0.023

0.8 + j0.6p.u
Find V2 = ?, V3 = ?

j 20
j5 
 I A   j 25
 I    j 20  j 60
j 40 
 B 
 I B   j 5
j 40  j 45

VA 
V 
 B
VC 

IB = j20 VA – j60 VB + j40VC
P  jQB 0.8  j 0.6

IB  B
VB
1
0.8  j 0.6
 j 20VA  j 20VB  j 40VC
1
- j60 VB = 0.8 + j0.6 – j20 VB – j40 VC
1  0.8  j 0.6

 j 20  j 40 
 VB 

 j 60 
1



= 0.99 + j0.014 = 0.99 0.8
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VC’ = VB*, VC
V2’

V2* = 1*, V3 = 1

V3’

V3’ = 1, V2 = V2’

V2

’’

V2* = V2*, V3 = V3’

V3’’

V3 = V3’*, V2 = V2’’

V2’’’

V2* = V2’’*, V3 = V’’

V3’’’

V3* = V3’’*, V2 = V’’’

Example 3

1:1

0.04

IB

IA
X=0.4

VA

VB

(1 +t):1
t =-0.1

Neutral

Fig 2 shows a double circuit transmission system having transformer and
transmission line in series that circuit but with in-phase tap changing facilities in
are only. The combination of line reactance and transformer leakage reactance is
equivalent to 0.4 p.u. in each cct and, with a tap setting t = - 0.1. the relationship
between node voltage and injector current of the system is given by
 I A   j 5.5864 j 5.2778 VA 
 I    j5.2778
 55  VB 
 B 
Busbar A is maintained at 1 + j0 p.u voltage and the complex power requirement
of the load at busber B corresponds to 1.0 p.u at unity P.F. use an iterative method e.g.
Gause – Seidel, to calculate the voltage at Busber B. commence with the value of VB = 1
+ j0 p.u, and centonue for 3 iteration.
Thus, determine the arrespend, value of current I1. the cct containing the in-tapped
transformer and the real and reactive power flows at ends A and B of this cct.

36

Problems
2.1 Explain the methods of carrying on load-flow studies in a large power system.
2.2

How

is

the

load-flow

problem

formulated?

2.3 What is the procedure for studying the load-flow problem on a digital
computer.
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CHAPTER THREE
ANALYSIS OF FAULTED POWER NETWORK
3.1

SYMETRICAL 3  FAULTS
This faults thus statistically likely to subject the system to the highest short circuit

current value and hence symmetrical short circuit studies are carried out to determine
circuit current value and hence symmetrical short circuit, studies are carried out to
determine circuit breaker ratings. Solid – shunt faults are considered with negligible
impedance and since the system subjected to the fault is assumed balanced, the fault
current in each will balanced also and hence a single phase analysis is only what is
required.
Following our assumption of zero fault impedance, we can ignore shunt load
impedances and shunt capacitances.
Since we required a pessimistic value (erring on the high side) of the short
circuit current to evaluate circuit breaker rating, resistance in the network will be ignored
and the source emfs on the system will be assumed to be in phase and of equal
magnitude.
Simple system, can be analysed using normal reduction techniques invarably
working in per unit, more complex system use numeric methods of analysis involving
digital computation
G1

G2

j 0.5
A
j 1.0

B
j 0.5
Static load

j 1.0
j 1.0
C
j 0.5
M1

E
D
j 0.5
M2

Fig. 3.1
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Evaluate the short circuit current level (fault MVA) at each of the busbars ABC & D
connected to synchronous plant. And Busbar E connected to static load for 33kv system
shown above, Base MVA = 100.

Review of D-Y, Y-D Transformation
D-Y Transformation

2

2

22
223

Z12
2Z
Z31

3

1

Fig 3.L(a) D (delta) (b) Y-(star)
Z1 

Z12 xZ31
Z12  Z 23  Z 31

Z2 

Z 23 xZ12
Z12  Z 23  Z 31

Z3 

Z 31xZ23
Z12  Z 23  Z 31

Y-D Transformation
2
2
223

22
Z12
2Z
1

3

1

3
Z31

Fig 3.3a Y(star) (b) D(delta)
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Z12  Z1  Z 2 

Z1 xZ2
Z3

Z 23  Z 2  Z 3 

Z 31  Z 3  Z1 

Z1 

Z 2 xZ3
Z3

Z 3 xZ1
Z2

1x0.5
 0.25
1  0.5  0.5

SOLUTION

B

ZF

IF

D

A

0.5 x1
Z2 
 0.25
2

0.5

0.5 x0.5
Z3 
 0.1250.5
E=1 2p.u

C

0.5
0.5

A1

D1

C1

B1

Fig. 3.4a

EXAMPLE D-Y TRANSFORMATION
ZF

E=1 p.u

IF

0.6996
0.5
40

Fig. 3.2b

Z1 = (1 x0.5)/2= 0.25
Z1

1

0.5

Z2 = 0.125
Z3 = 0.25

Z3

Z2
0.5
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1.25

1

0.25

1
1.25

1

0.25
0.125

0.5

0.5

0.5
0.5

0.5
Fig. 3.2e

Fig. 3.2d

Z1 

1.25 x1
 0.357
3.5

Z2 

1.25 x1.25
 0.4464
3.5

Z3 

1x1.25
 0.357
3.5

ZF

E=1 p.u

IF

0.357
0.5714

0.5
0.857

Fig. 3.2b
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0.857110.5714

0.857 x0.5714
0.857  0.5714
=0.3428

ZF

0.357

IF

0.5

E=1 p.u

ZF

0.857

IF

E=1 p.u

0.6996
0.5

Zintal neglectory Zf
ZT = 80.292



0.5 x0.6998
0.5  0.6998

1
1

ZT 0.292
= 3.43 p.u

 If 

Since base mva =100
The fault amount at point A will be
3.43 x100
=343mva
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3.2

ASSYMMETRICAL FAULTS, ANALYSIS.
The majority of system fault involved one phase only and or two phases with or

without earth, about 80% (?) of faults due to flesh over of insulators strings on
transmission lines, corresponding to a line to ground short circuit such fault may occur in
isolation or simultaneously with faults adjacent path of the system e.g. a phase to earth
flash over on the neighbouring circuit of a double and line carried on the same tower,
such faults may be permanent or transient in which latter case, the system insulation may
well recover if the faulted line is de-energized and then put back into service.
Any fault which those does not involves 3 -  similarly is an asymmetrical fault
resulting in imbalance system voltage and current. Such faults may be analysed using
techniques based on Kichoff law applied to the 3 -  of the network including the effect
of mutual electric magnetic coupling, but the method of symmetrical component may be
used, which enable solutions to be carried out on a single phase basis without the
problems of mutual. The method was introduced by CL Fortesue in 1918 and is based on
the fact that a set of m unbalanced ac quantities in an m phases system may be resolved
into m subsystem of which m – 1, composes balance sets of differing phase sequences of
co-phasors quantities.
Advantages of the methods of symmetrical component. For the particular case of 3 -  the
information system we have
(a)

A balance 3 -  system of positive phase sequence ABC

(b)

A balance 3 -  system of negative phase sequence ACB

(c)

Three co-phasor equal magnitude quantities in the zero phase sequence
components.

1a =

Ia1 + Ia2 + Ia0

Ib =

Ib1 + Ib2 + Ib0

Ic =

Ic1 + Ic2 + Ic0

(I1 + I2 + I0)
1

Ia2

Ib2

Ic1
Ia1

Ib0
Ib1
+ ve

Ic2
- ve

Ic0

Ia0
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Zero sequence
Co – phasor, relationship
Fig 3.3a

With ‘a’ as reference
Ib1

=

a2Ia1

Ib2

=

aIa2

Ib0

=

aIo

Ic1

=

aI1

Ic2

=

a2Ia2

Ic0

=

Iao

2

Substituting equation (2) into equation (1) we have
1a

=

Ia1 + Ia2 + Ia0

Ib

=

a2Ia1 + Ia2 + Ia0

Ic

=

aIa1 + a2Ia2 + Ia0

The advantage of the method of symmetrical component lies in the fact that as
long as the phase of the system subjected to faults are balanced and the only unbalanced
occur at the point of fault (1) then the there are no mutual interactive effect between the
positive, negative and zero sequence systems of current and voltage.
Hence we have,
 Ia 
 Ib  
 
 Ic 
Similarly

1
a 2

 a

Va  1
Vb  a 2
  
Vc   a

1
a
a2

1
a
a2

1  Ia1 
1  Ib2 
1  Ic3 

1 Va1 
1 Vb2 
1 Vc3 

I 00   11 VIa0 1 1  Ia 
Va
 I   1 a 2 a 1  Ib 
11   C
  
Vb
3 VIb1 
 C
Vc
I 22    a VIc2a2 1  Ic 
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The sequence component of voltage and current may readily be obtained by using
the inverse of connection matrix
Also each component set can be treated on a single phase basis as for balanced 3  condition which effectively only the sequence effect is considered.

3.2.1 LINE TO GROUND FAULT
Ia
Fig 3.4a:
Ib live to ground fault
Ia

I=
c

Ib

=

a2I1 + aI2 + I0f = 0

Ic

=

aI1 + a2I2 + I0 = 0

1

 
 
C   C 
 1
 
 
 

I1 + I2 + I0 = If

1

Va  0
Vb  0
Vc  0

(1)
(2)
(3)

 
C * 
1

3 
 

Note: when one phase is shorted to ground all the current on the other phase are zero
since they all flow to ground.


Equation (2) = equation (3)
I1 (a2 – a) = (a2 – a) I2



I1 = I2

(4)

Substituting 4 into equation 2 or 3
a2I1 + aI1 + I0
I1 (a2 + a) + I0 = 0
i.e.

I1 (cos 240 + j sin 240 + sin 120 + j sin 120) + I0

i.e.

I1 (-1) + I0 = 0
 I1 = I0



I1 = I2 = I0
In a line to ground fault, the symmetric component of positive, negative and zero

sequence current are the same (series connection)
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Hence from equation (1)
I1 + I2 + I0 = If
Since I1 = I2 = I0 
If = 310
To find the fault current in a line to ground fault, we find the zero sequence
current component and multiplied by 3.
I1
Z1
E = 1p.u

I2
Z2
I0
Z0

Z1, Z2, Z0 are called sequence impedance.
3.4b:
sequence
network for Fig. 3.4a
They Fig.
depend
onEquivalent
the position– of
faults occurring.
3.3.2 LINE TO LINE
Ia
Ib
If
Ic
Fig 3.5a line – to – line fault
Ia = I1 + I2 = I0 = 0

(1)

Ib = a2I1 + aI2 + I0

(2)

Ic = aI1 + a2I2 + I0

(3)

Ib = -Ic = If

(4)

Putting equation (2) and (3) into equation 4, we have
Ib = Ic = If = a2I1 + aI2 + I0 = (aI1 + a2I2 + I0)
= (a2 + a)I1 + (a2 + a)I2 + 210 = 0
= (-0.5 – jo.866 – 0.5 + j0.866)I1 + (-0.5 – jo.866 – 0.5 + jo.866)I + 2Io
- I1 – I2 + 2Io = 0
I1 + I2 = 2I0

(5)

In a line to line fault there is no zero sequence current component
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Note but – ve phase sequence current component
= + ve phase sequence current component.
Substituting equation(s) into equation (1), we have
Ia = 2Io + Io = o
= 3Io = 0
- I1 – I2 + 2I0
 I2 = - I1

(6)
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I2

I1
Z1

Z2

Fig. 3.5b Equivalent sequence network for Fig. 3.5a
For solid fault
Vb = Vc
a2v1 + av2 + v0 = av1 + a2v2 + v0
from which V1 = V2
3.2.3 LINE TO LINE TO GROUND
Ia = 0
Ib
Ic

Va = 0
Vb = 0
Vc = 0
If

Fig 3.6 a line to line to ground fault
For lone to line to Ground
Ib + Ic = If
Ia = I1 + I2 + I0 = 0

(1)

Ib = a2I1 + aI2 + I0

(2)

Ic = aI1 + a2I2 + I0

(3)

Since Ib + Ic = If

(4)

Putting equation 2 and (3) into equation (4), we have
 a2I1 + aI2 + I0 + aI1 + a2I2 + I0 = If
(a2 + a)I1 + (a2 + a)I2 + 2I0 = If
= -I1 – I2 + 210 = If
from eq (1) I0 = -I1 – I2
putting this in equation
 I0 + 210 = If
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 310 = If
I0 = I/3 If

(6)
Z1

I1

I1

Z0

Z2
E

I2

I0

Z1

Z0
Z2

E

3Zf
I2

Fig. 3.6b: Equivalent sequence
network for Fig. 3.6a
I1  E

Z total

I1  E

3.3



Z total

I0

Fig. 3.6c: Equivalent sequence
network for Fig. 3.6a with Zf

E
ZZ
Z1  0 2
Z0  Z2



E
Z 2 Z 0  3Z f 

Z 2  Z 0  3Z f 

 Z1

SEQUENCE IMPEDANCE
The impedance of circuit when positive sequence current alone are present is

called positive sequence impedance Z1.
Similarly, when only negative sequence current are present, the impedance is
called negative sequence impedance Z2.
When only zero sequence current are present, the impedance is called zero
sequence impedance Z0.
To calculate the effect of a fault by the method of symmetrical component, it is
essential to determine the sequence impedances and to combine them to form the
sequence network.
The positive sequencer impedance Z1 and the negative sequence impedance Z2 of
plants are often given. The zero sequence impedance Z0 depends on the nature of
connection of the windings and earth. Fig below shows the zero sequence equivalent
circuit of 3 -  transformer.
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TABLE 3.1: ZERO SEQUENCE EQUIVALENT CIRCUIT OF A 3 – PHASE
TRANSFORMER
Sequence Equivalent circuit zero
a

Method of connection (SYMBOL)

Z0

b
ref

Primary
a

Secondary
b
a

Z0

b
ref

a

b
a

Z0

b
ref

a

b
a

Z0

b
ref

a

b

a
a

Z0

b
ref

b
a

Z0

b
ref

a

b
a

Z0

b
ref

a

b
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a
a

Z0

b

b

ref

Table 3.2 Per unit impedances of three winding transformer

a
P

Z0

S

b

ref

p
P

S

Zp
t
Zt
Zs
S

Zps

t

= leakage impedance measured in primary with secondary short circuited

and tertiary opened.
Zpt = leakage impedance measured in primary with tertiary short circuited and secondary
opened.
Zst = leakage impedance measured in secondary with tertiary short circuited and primary
opened.
The above impedance are in ohms referred to the same voltage base, Hence,
Zps = Zp + Zs
Zpt = Zp + Zt
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Zps = ZS + Zt
Therefore,
Zp = ZPS – ZS
Zt = Zpt - ZP
ZS = ZSt – Zt
From the above we have
ZP = ½ (ZPS + ZPt – ZSt)
Zt = ½ (ZPt + ZSt - ZPS)
ZS = ½ (ZPS + ZSt – ZPt)
Example:
Find the p.u impedance of a 3-winding transformer having the following
ZPS = 7%, ZPt = 9%, ZSt = 12%

Solution
In decimal form
Zps = 0.07, Zpt = 0.09, Zst = 0.12
From the above formulae below
ZP = ½ (ZPS + ZPt – ZSt)

(i)

Zt = ½ (ZPS + ZSt - ZPt)

(ii)

ZS = ½ (ZPt + ZSt – ZPS)

(iii)

From (i)


Zp = ½ (0.07 + 0.09 – 0.12)
= ½ (0.04) = 0.02

from (ii)
ZS = ½ (0.07 + 0.12 – 0.09)
= ½ (0.10) = 0.05
from (iii)
Zt = ½ (0.09 + 0.12 – 0.07)
= ½ (0.14) = 0.07
Example (1)
An 11KV synchronous generator is connected to 11/66KV transformer which fed
a 66/11KV/3.3KV, 3 -  transformer through a short feeder of negligible impedance.
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Calculate the fault current when a single phase to earth fault occurs on a terminal of
11Kvterminal of the 3 -  winding transformer.
The relevant data for the system are as follows.
Generator: X1 = j 0.15 p.u, X2 = j 0.1 p.u, X0 = j 0.03 p.u.
All on a 10MVA base star point of winding earthed through a 3 resistor.
11/66KV transformer X1 = X2 = X0 = j.0.1p.u.
on a 10MVA base, 11KV winding delta connected and the 66KV winding star
connected with the star point solidly earthed.
Three-winding transformer: 66KV winding, star connected, star point solidly
earthed.
11KV winding, star connected, star point earthed a 3 resistor.
3.3KV winding, delta connected, the 3 winding of equivalent star connection to
represent the transformer has sequence impedance on a 10MVA base has follows.
66KV winding

X1 = X2 = X0 = j 0.04 p.u

11KV winding

X1 = X2 = X0 = j 0.03 p.u

3.3KV winding

X1 = X2 = X0 = j 0.05 p.u
t
p

s

3
3

11/66kV
66/11/3.3Kv
p/s/t

If
Line to ground

Fig. 3.6

The 3 earthing resistor has the following p.u value.
For the transformer,
Zbase = Vbase / MVAbase = (11KV)/10 x 106 = 12.1
R p.u = 3 / 12.1 = 0.25 p.u
for the generator
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Zbase = (11KV)2 / 10 x 106 = 12.1
R p.u = 3 / 12.1 = 0.25 p.u.
The sequence networks are draw thus
j0.03
j0.15
Z1

j0.1

j0.04

j0.05

E = 1p.u
POSITIVE SEQUENCE NETWORK
j0.03
j0.1

j0.1

j0.04

j0.05
I0 = If/3

Z2
NEGATIVE SEQUENCE NETWORK
j0.03
j0.03
Z0

j0.1

j0.04

j0.25 x 3

j0.05

j0.25 x 3
ZERO SEQUENCE NETWORK

Fig.3.6b It is only in the positive sequence we represent the voltage source
Z1 = j (0.15 + 0.1 + 0.04 + 0.03) = j 0.32
Z2 = j (0.1 + 0.1 + 0.04 + 0.03)
= J 0.27
= Z0
ZT = Z1 + Z2 + Z0
= j 0.32 + j 0.27 + 0.75 + j 0.066
= 0.75 + j 0.656
The real value

If 

3  10  106
3  11000

= 1575A

j0.1

j0.04

j0.03

0.75
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Z0

j0.05

To determine Z0
j 0.14 in parallel with j 0.05
= j 0.14 x j 0.05 / j 0.19 = j0.0368
 Z0 = j 0.0368 + j 0.03 + 0.75
= 0.75 + j 0.0668
G1

T1

L1

T2

G2

10
L2
Line to line fault
Fig. 3.7a

Example 2
Data
Generator 1
X1 = j 0.2, X2 = j 0.05, X0 = j 0.03
Generator 2
X1 = j 0.2, X2 = j 0.05, X0 = j 0.03
T1 X1 = X2 = X0 = j 0.1
T2 X1 = X2 = X0 = j 0.1
Line 1
X1 j 0.04, X2 = j 0.04, X0 = j 0.12
Line 2
X1 = X2 = j 0.02, X0 = j 0.06
A line-to-line faults occurs at point F between phases b and c. find the per unit
values of Ib, VA VB VBA all at the fault location.
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Fig 3.73: Sequence impedance network for a line to line fault

Z1

Z2

Fig. 3.7b
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I1

j0.02
10

j0.2

j0.1

j0.1

j0.04

j0.2

10

I2
j0.02
j0.05

j0.1

j0.04

j0.1

j0.05

Fig. 3.7c sequence network for the line-to-line fault for 3.7a

Considering the positive sequence impedance Z1
j 0.2 + j 0.1 in parallel with 0.04 + 0.1 + 0.2
j 0.3 in parallel with j 0.34
= j 0.3 x 0.34 / 0.64
0.64
Z1 = j 0.1593375 + j 0.02
Z2= j 0.1795
considering the negative sequence impedance Z2
j 0.05 + j 0.1 in parallel with j 0.04 + j 0.1 + j 0.05
(j 0.15 in parallel j 0.19) + j 0.0838
Z2 = j 0.0838 + j 0.02 = j 0.104
I1 

1
 3.53  90 0
 j 0.1795  j 0.104

ZT = Z1 + Z2 = j 0.1795 + j 0.104
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j 0.2835 = 0.2835 900
 I1 = 1/0.2835 900
= 3.53 -900 Amp
since I1 = -I2 in line to line fault
I2 = 3.53 900 I0 = 0
Ib = a2I1 + aI2 + I0
= 6.114 p.u
Ic = - Ib = - 6.114 p.u
Ib = (Cos 240 + j sin 240) I1 + (Cos 120 + j sin 120) I2 I0 = 0
(- 0.5 – j 0.866) I1 + (-0.5 + j 0.866) I2
I -1200 I1 + I 1200 I2
Ib = I -1200 + 3.53 -900 + I 1200 + 3.53 90
= 3.53 -120

+ 3.53 210

- 3.06 + j 1.765 – 3.06 – j 1.765
Ib = - 6.12 p.u.
Ic = - Ib = 6.12 p.u.
Va = V1 + V2
V1 = E – I1Z1 , Z1 = j0.1795
= 0.1795 900
V1 = I – (3.53 -900) (0.1795900)
= 1 – 0.633635
= 0.3664 p.u.
V2 = 0 – I2Z2, Z2 = j 0.104
= 104 900
= - (3.53 -90) (0.104 900)
= - (0.367 1800
= 0.0367 p.u.
Va = V1 + V2 = 0.3664 + 0.367
= 0.7334 p.u.
Vb = (Cos 240 + j Sin 240) 0.366
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+ (Cos 120 _ j Sin 120) 0.366
= (-0.5 – j 0.866) 0.366 + (-0.5 – j 0.866) 0.366
= -0.5 x 0.366 – 0.5 x 0.366
= - 0.366 p.u
Vc = (Cos 120 + j Sin 120) 0.366 + (Cos 240 + j Sin 240) x 0.366
= (-0.5 + j 0.866) 0.366 + (-0.5 – j 0.866) 0.366
= -0.5 x 0.366 – 0.5 x 0.366
= -0.366pu

Example 3
A solidly earthed synchronous machine A generating 1 p.u. voltage is connected through
a star-star transformer, reactance 0.12 p.u. to two lines in parallel. The others ends of the
lines are connected through star – star transformer of reactance 0.1 p.u for a second
machine B also generating 1 p.u. voltage. For both transformer X1 = X2 = X0 and all the
star point are socially earthed.
Calculate the current feed into a double line to earth fault on the line side terminal
feed from A. The relevant per unit reactance of the plant all referred to the same base are
as follows:
Generating A X1 = 0.3, X2 = 0.2, X0 = 0.05
Generating B X1 = 0.25, X2 = 0.15, X0 = 0.03
For each line X1 = X2 = 0.3, X0 = 0.7

Solution

A

B

Line- line-ground fault
Fig. 3.8a
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Fault

I1
j 0.3

j 0.12

j 0.3

j 0.1

j 0.25

j 0.3

A

B

1 p.u

Z1

1 p.u

I2
j 0.3

j 0.12

j 0.2

j 0.1

j 0.25

j 0.1

j 0.03

j 0.3

Z2

I0
j 0.7

j 0.12

j 0.05

j 0.7

Z0

Fig. 3.8b
Fig 8 would be reduced to sequence impedance diagram for double line to ground as
follows.

Z1

I1

Z2
I2

Z0
I0

Fig. 3.8c
To determine Z1
Parallel combination of j 0.3 and j 0.3



j 0.3  j 0.3
 j 0.15
j 0.6

Z1 = j 0.3 + j 0.12 in parallel with j 0.15 + j 0.1 + j 0.25
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= j 0.42 in parallel with j 0.5



j 0.42  j 0.5 j 0.42  j 0.5

 j 0.23
j 0.42  j 0.5
j 0.92

Z1 = j 0.23
Z2 = j 0.2 + j 0.12 in parallel with j 0.15 + j 0.1 + j 0.15
= j 0.32 in parallel with j 0.4

j 0.32  j 0.4
 j 0.178  j 0.78
j 0.72
Z0 = Zero sequence impedance


= j 0.05 + j 0.12 = j 0.17
Z1 = j0.23

I1
E = 1.0p.u

Z2 =j0.18
I2

Z0 = j0.17
I0

Fig. 3.8d Equivalent square impedance diagram
ZTotal = Z1 + Z2 in parallel with Z0

 Z1 

Z2  Z0
Z2  Z0

 j 0.23 

 j 0.23 

j 0.18  j 0.17
j 0.18  j 0.17

 0.0366
j 0.35

= j0.23 + j0.09 = j0.32

I2 

E
1 p.u
1


ZT
j 0.32 0.3290
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 3.13  90 Amp

= -j 3.13A
To determine the current I2 following in the negative sequence impedance.
By current divider method.

I2 

 3.13  90  j 0.17 
 I 2 Z0
 

Z 2  Z0
 j 0.18  j 0.17 

 3.13  900  j 0.17900 
 

j 0.35


 3.13  900  j 0.17900 
 

0.35900


 0.53210 
0
 
  1.52  90
0
.
35
90



= j0.152
I2 = - (-1.52 Amp) = -(1.52 – 900) Amp
I0 = -I1 – I2
 I0 = - (-j 3.13) – j 1.52
j3.13 – j1.52 = jI.61 p.u
1.61 90 p.u.
Hence the fault current
If = 310 = 3 x j 1.61 = j 4.83 p.u.
Check Ia = I1 + I2 + I0
= (cos 240 + jsin 240) I1 + (cos 120 + jsin 120) I2 + I0
= (-0.5 – j0.866) (-j3.13) + (0.5 + j0.866) (j1.52) + j1.61
= -2.7 + j1.57 – 1.32 – j0.76 + j1.61
Ib = aI1 + a2I2 + I0
= (cos 120 + jsin 120) I1 + (cos 240 + jsin 240) I2 + I0
(-0.5 + j0.366) I1 + (0.5 – j0.366) I2 + I0
(-0.5 + j0.366) (-j3.13) + (0.5 – j0.866) (j1.52) = j1.61
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= 2.71 = j1.565 = 1.32 – j0.76 + j1.61
= 4.03 + j2.42
 If = Ib = I2 = -4.03 + j2.42 + 4.03 + j2.42
= j4.84 p.u
Problems
4.11

Discuss network laws and network theorems and explain with an
illustration the use of the particular problems for easy solution.

4.12

Figure 4.2.1 show a simple power system. The values of the elements are given in
terms of admittance. Write down the equations for the nodes A, B, C, D, E and F.
Use matrix method for the solution and eliminate the nodes D, E, F.
Explain the method of finding out current supplied from A and B if EA =

- j6
A

- j2

D

- j3

- j3

F

+
EA



- j3

B
+

- j10



EB

C
Fig. 4.21 A simple power system for Example 4.4
1.3  150 and EB 1.0  00 and also find the power supplied to each part of the
network.
Three resistors of 10, 20 and 25  are connected in delta across phase A, B and C
respectively of a balanced three-phase 230 V system. What are the sequence components
of currents in the resistors and in the supply lines? (Ans. Ibc1 = - 1.53 – j3.94; Ibc2 = 1.53
+ j3.94; Ibc0 = 14.6; Ia1 = 6.85 – j2.66; Ia2 = 6.85 + j2.66; Ia0
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ANALYSIS AND PROTECTION E. P. S.
6.1

A 60 MVA 33KV star-connected alternator has positive, negative and zerosequence reactances of 0.3, 0.25 and 0.2pu., respectively. The star point of the
alternator is earthed through an 8  resistor. A line-line-earth fault **** at two
terminals of the machine; determine the power which will a dissipated in the
earthing resistor and also the voltage to earth of the unfaulted terminal of the
machine. (Ans. 8.712MW, 25.5 kV) (I.E.E., Pt III Supply, 1958).

6.2

A 3-phase 50 Hz 60 MVA 132/11 kV delta/earthed-star transformer with a
leakage reactance of 0.2p.u. is supplied at 132 kV from an unearthed source of
negligible internal impedance. the transformer supplies a 3-phase transmission
line having a self-inductance of 0.128mH per conductor and a mutual inductance
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between any two conductor of 0.032mH. Show that, for a conductor-conductorearth fault at the end of the line remote from the transformer, the transformer
behaves as a generator of z.p.s. current, and calculate the p.p.s., n.p.s. and z.p.s.
components of current in the unfaulted phase. (Ans. I1 = 9650A, I2 = 5000A, I0 =
4650a) (I.E.E., Pt III Supply, 1957).
6.3

6.3

A 3-phase transmission line has sending and receiving voltages of 132kV

and positive-, negative- and zero-sequence reactances X1 =X2 = X0/2 = 30. if the
angle between the sending-and receiving-end voltages is 300, determine the power
transfer over the system immediately following in line-to-earth fault at a point
two-thirds of the distance from the sending end. It may be assumed that the
voltages at each end of the system are unchanged subsequent to the instant of fault
occurrence. (Ans. 218MW) (I.E.E., Pt III Supply, 1958).
6.4

The single-line diagram of fig 6.40 represents a simple 2-machine system with
system connections as shown. Source e.m.f.s and pertinent

Z0= j0.4 p.u.
P
Z1=Z2= j0.2 p.u. Q
1600

000

Z1=Z2=Z0= j0.1p.u. Z1=Z2=Z0= j0.1p.u. Z1= j0.2 p.u.
Z1= j0.2 p.u.
Z2= j0.1 p.u.
Z2= j0.1 p.u.
sequence impedances (all to the same base) are as indicated, and the phase
sequence is RYB. A phase-phase-earth fault of zero fault impedance involving the
Y-and B-phases occurs at F midway along the transmission line PQ. Calculate the
p.u. fault current. Neglect resistance throughout.
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6.5

Explain the circumstances under which negative-sequence protective equipment
may be desirable on an electricity supply system.
A bridge network having nodes QRST has a ***** of negligible
impedance connected between R and T. The impedance of the bridge arms are
ZQR = ZST = 1.0/00 and ZRS = ZQT = 1600 ohm. Three current transformers of
ratio 400/5 have their primary windings in the lines A, B and C of a 3-phase
circuit, and their secondary windings connected in star; the outer ends of the
secondary windings a, b and c are connected to nodes Q, R and respectively, and
the star point of the windings is connected to T. If, during an earth fault, the line
currents in the 3-phase circuit are IA = 600/00, IB = 445/213.50 and IC = 445/146.50
amperes, find the current in the relay. (I.E.E., Pt III Supply, 1961).

6.6

The filter circuit of a negative-phase-sequence relay and its associated transducers
takes the form shown by Fig 6.41. The arrangement is such that, for negativephase-sequence currents in excess of 5% of the

r

x

R

V0

Fig 6.41
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current transformer secondary rating, at 50hz the value of V0 is sufficient to
operate an alarm circuit. Other relevant data are as follows:
C.T. ratio, 100/1
Nominal c.t. secondary rating, 5A
R = 2r = 2x/3 ohms at 50 Hz
If the primary circuit supplies a balanced overload of 50MWf at 0.9 p.f. to
11kV busbars, determine the frequency range inside which it operates in order
that the unbalance alarm is not initiated. (Ans 49.2 – 50.8Hz) (B.UT., 1969).
6.7

A 3-phase single-circuit overhead transmission line comprises three phase
conductors of self-impedance ZS = (RS + jXS), an earth wire of self-impedance
ZS = (RS + jXS), and an earth return of self-impedance ZG = (RG + jXG). The
mutual reatances between the different pairs of phase conductors have magnitudes
XAB, XBC and XCA respectively, while those between each phase conductor and
the earth wire have magnitudes, XAB, XBC and XCA. Show that such an
arrangement may be simplified to an equivalent 4-conductor system in which the
self- and mutual impedances include the effect of the earth-return, the mutual
impedances now having real and imaginary components.
In such an equivalent system the self-impedance of each phase conductor,
including the earth ****** (1 + j10) and that of the earth wire including earth
return is (2 + j10). The mutual impedances between each pair of phase
conductor and between each phase conductor and the earth wire are each assumed
to have an equal value of (0.4 + j4). Deduce the equivalent impedance matrix
which enables the three phase-earth voltages to be expressed in terms of the three
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phase currents. Hence determine, from first principle, the values of the positive,
negative and zero phase-sequence impedances of the line. (Ans. Z1 = Z2 = 0.6 +
j6; Z0 = 1.79 + j13.05)
6.8

The single-line diagram of Fig 6.42 represents part of a power system having
system connections as shown. The source e.m.f. and pertinent sequence
impedances (all to the same base) are as indicated. The phase sequence is RYB.
(a)

Find the p.u. fault current due to a single phase-earth fault of zero fault
impedance at the mid-point of line CD, when the line AB is
disconnected. Calculate also the value of the sound phase currents in
line CD under these circumstances.

(b)

Evaluate the fault current if the same fault occurs when line AB is
connected. Assume a fault are resistance of 0.1 p.u.

E=1.1610 p.u

Z0=Z1=Z2
Z0=Z1=Z2
Z
/2=Z
=Z
=
j0.6p.u.
= j 0.1p.u.
1
2
= j 0.1p.u. 0

Z1= j0.2 p.u.
Z2= j0.1 p.u.

A
B

B
D

Z0/2=Z1=Z2= j0.6p.u.



Open

If in case (b) the fault occurs at a position other than the mid-point of CD, explain
why it is then necessary to account for inter-circuit mutual impedance in the zero phasesequence network. Illustrate your answer by redrawing the zero phase-sequence network
assuming that the fault occurs at a fractional distance  from C along the line CD and the
mutual. (Ans. (a) 2.4 p.u., 0.4 p.u; (b) 2.81 p.u.)
6.9

A cylindrical-rooter generator and its associated step-up transformer are
connected via a fully transposed double-circuit overhead transmission line to a
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point in a large interconnected 132kV power system, at which the short-circuit
level is 2000 MVA. The pertinent impedances, referred to a 100 MVA base, of
the generator, its step-up transformer and each of the identical overhead lines are
j0.2p.u., j0.1 p.u. and j0.8 p.u. respectively.
The generator is operating at a relative load-angle of 300 and delivering
power to the 132kV system when a 3-phase ***it occurs mid-day along one of the
transmission lines. The fault is scared by the simultaneous operation of
appropriate switchgear in the faulted line. if the generator “swings” through 300
before the circuit-breakers clear the fault, determine graphically, or otherwise,
whether or not the generator remains stable. Estimate the percentage reduction in
power transfer immediately following the fault, and the ultimate load angle. state
any assumptions made. (Ans. 62%, 500)
If the generator had swung through 600 before the circuit-breakers cleared the above
fault,

show

that

stability

would

not

have

retained.

(B.U.T.,

1969)
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CHAPTER SIX
SYSTEM MAINTENANCE
6.1 SUCCESSFUL MAINTENANCE
System maintenance includes inspection, preventive maintenance and overhaul. The
inspection can be on schedule or off schedule. Well-managed maintenance practices
should result in fewer forced outages, win consumer goodwill and lower maintenance
costs/KWh of the energy supply. The infrastructure for good maintenance should provide
requisite technical training to linemen, line supervisors, and operators; suitable
maintenance and operating manuals; tool kits and maintenance materials. The successful
implementation of maintenance should be based on the following considerations.
(a)

The prerequisite for any maintenance programme is that the system is well
planned, properly erected with good quality material and well trained and
adequately equipped maintenance staff.

(b)

Newly erected lines must be inspected thoroughly after rains during the first year
of their service.

(c)

The minor defects noticed during inspection should be rectified at the time of the
inspection itself wherever possible, and the other defects at the earliest possible
occasion after chalking out a programme in advance.

(d)

In case of the occurrence of any abnormal situation, the equipment should be
immediately disconnected from service and the matter reported to higher
authorities for further instructions.

(e)

Manufacturer’s instructions should always be given due consideration. While
carrying out the maintenance of a particular equipment.

(f)

A correct record of all test results and inspections should be maintained. Lines
having more tripping, villages having more electrical complaints, area where
distribution transformers are repeated damage, should be thoroughly inspected
and emergent maintenance done.

(g)

For ageing equipment such as power transformers, capacitors, cabine lightning
arresters,

etc.,

incipient

fault

detection,

diagnostic

analysis

is

necessary to undertake special or emergent repairs replacement/modernization/ren
ovation/renovation/recondition programme (secs. 13.9, 14.2,16.4).
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(h)

Required safety precautions must be observed while carrying out any maintenance
works.

(i)

The schedules once adopted by an electric utility should be subjected to periodic
review in the light of previous experience to see improvements are possible, not
only to ensure adequate maintenance but also to reduce cost. However, alterations
should not be made frequently, otherwise it may not be possible to obtain any
correlation between the cost and performance.

(j)

Hot-line stick method for maintenance of 11kv, 33 kv lines transformers is
desirable in those areas where essentially uninterrupted supply is required.
Workers climb on a pole to minimum safety clearance from the live conductors
and work with a wide selection of epoxycoated fibreglass poles/rods operated
tools. Operations such as

detailed inspections, changing of pin and tension

insulators, jumpers, fuses and changing of decayed poles, etc. can be made with
this method. Power System Training Institute, Bangaloo (hot-line training centre)
has listed twenty hot-line stick maintenance operations on distribution systems.
The 11 kv hot-line stick are now indigenously available in the country. 15kv
insulated tower wagons are being used for hot line working for L.T., street light
and 11kv lines.
(k)

Maintenance of transformers and its local distribution system should be carried
out together, to ensure a healthy system.

(l)

For

fast

attendance

of

consumers

electricity

complaints,

good

field

communication between complaint centres and complaint/maintenance staff is
desirable. VHF communication with the added feature of selective calling is most
suitable.
(m)

Infrared Thermal Imaging: Infra-red thermal imaging is based on the principle
that, all objects emit electromagnetic thermal radiation. Normally invisible to the
naked eye, this radiation can be detected using an infrared scanning camera which
converts the thermal energy into electronic video signals. By amplifying these
signals, it is then possible to view thermal images of the object on a display
screen.
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The fast response times of modern day thermal imaging equipment ensure that, surveys
can be completed quickly and with high accuracy and often to ± 1 degree C.
Measurement systems enable users to achieve discrete temperature measurements. There
are a number of infra-red temperature measurement systems currently in the market,
ranging from low cost measurement capability. Thermosgraphy has become a valuable to
predictive maintenance.
For power system maintenance, this facility is invaluable in detecting overhead
components prior to failure. As a non-contact inspection technique, it enables them to
detect excessive heat loss from components caused by either a loose connection, an
oxidized component or corrosion at a joint, excessive loading, inductive heating from
eddy currents. Also, the distribution systems can be evaluated for phase load imbalance
and poor relay contact points, which rob the equipment of its ability to operate efficiently.
It is useful in both aerial and ground surveys of electricity lines and substations to
identify the hot spots during peak load conditions. It is essential in locating a range of
faults from corroded joints to faulty connections within circuit breakers. Infra-red
scanning of power lines and substation equipment over long distances can be expedited
by using a technique called thresholding, which can detect circuit overloading long
before burn marks or discoloration occur on the wire insulation. Many kilometers can be
scanned in a day in this manner. Thresholding allows display of an easily recongnisable
image. With the hottest regions of the image colourised in red with this feature, operators
can set a threshold temperature. Anything exceeding this temperature will then be easily
noticed in the display.

6.1.1

Network Diagrams
As stated in Sec. 6.9.4, accurate primary and secondary system diagrams are

important for better system maintenance and its extension. The diagrams be prepared
manually or with the aid of computer [see secs. 3.132 (9) and 4.8] with geographical
orientation for permanent record with regular updating. The diagram should include:
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Overhead system
Primary feeder (11kv and 22kv) diagram should include, name of feeder and feeding
substation; Circuit ratio; maximum demand; outgoing cable-size, length and its joints
position; line route plan with permanent land marks; position of tree growth, etc.; size of
conductor and span length, structure type and its mark number; sectionalizing/interlinking positions; distribution transformers, size and connected load; voltage drop at the
tail end.
Similarly, LT network sketch of each distribution transformer should be kept in
folio form and must indicate: location and name of distribution transformer along with
name plate particulars; type of LT system type of pole and its mark number; conductor
size and span length; line route plan with position of permanent landmarks total number
of consumers category wise with load; voltage drop at tail end.
Underground cables
The diagram should show size type and rating of cable; route span with land mark;
year/month of laving position and type of joints; depth of burial and clearance to other
cables nearby; size of ducts if any; tail end voltage drop.
6.1.2

Faults analysis
Most distribution interruptions are initiated by severe weather, with a major

contribution being inadequate maintenance. Mostly interruptions are the result of damage
from natural hazards, such as lighting, wind storms (hurricanes, tornadoes, etc.), snow
storms, birds and animals. Other interruptions are attributed to defective materials,
equipment failures and human actions, such as bad workmanship, overloading, vehicles
hitting poles, cranes contacting over-head wires, felling of trees, vandalism excavation
equipment damaging buried cable or apparatus. Close monitoring and analysis of faults is
necessary to identify and rectify unhealthy pocket of system and improve upon
maintenance practices. Consumer of electricity complaints be recorded in a register
indicating time of receipt, time when attended and nature and location of fault. As for
example, a case study of monthly analysis of consumer complaints at a consumer
complaint centre is given in table 16.1.
A quick look of the case suggests:
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Immediate attentions of 63KVA Hem Raj, 63 KVA Tgeor, 100 KVA Bhajauli
transformers and their LD system.
The fault-wise frequency is : HT fuse blown –9; HT conductor broken LT fuse blown –
4, LT jumper burnt-6; LT conductor broken-3; service line burnt-2; Tee-joint loose-28;
meter terminal burnt-1. Loose Tee-joints are very high and proper ferrules/crimping/
compounding is desirable for the joints. HT fuse blown are 9 and LT fuse blown are 4,
the reasons may be HT fuses are undersized or LT fuses are oversized, as the usual
practice is to put AAC/ACSR conductor strands as LT fuses by consumers/staff or close
faults due to LT transformer four-core cables damage or birdage at transformer
terminals/jumper, which need to be insulated with tape.
6.2

FAILURES AND MAINTENANCE

failure analysis provides valuable information for preventive maintenance programmes
and equipment replacements. According to IEEE Committee report [1], the following
information should be included in an equipment failure or outage report.
(i)

Type, design, manufacturer and other description for purposes of classification.

(ii)

Date of installation, location on system, length in the case of line.

(iii)

Mode of failure (short-circuit, mal-operation, etc.)

(iv)

Cause of failure (lightning, tree, etc.)

(v)

Time (both out of service and back in service rather than outlay duration alone),
date, meteorological conditions when the failure occurred.

(vi)

Type of the outage, forced or scheduled transient or permanent.

Analysis of consumer complaints, toor complaint centre, April 1997
Transformer
fault-Nos
63 KVA Hem Raj

Frequency

Consumers
transformer

Tee joint loose-4

4

10

100KVA Vill: Teor

7

276

7

132

on

the

H.T. Fuse blown-1
Tee joint loose-6
100KVA Bhajauli
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tee joint loose 4
L.T. Fuse blown-2
L.T. conductor broken-1

5

61

3

10

4

73

6

138

4

53

3

160

11

14

63KVA Chandon
tee joint loose-3
H.T. fuse blown-1
L.T. Fuse blown-1
63KVA Roorkee
L.T. jumper burnt-1
Tee joint loose-1
H.T. fuse blown-1
63KVA Rampur Taprian
H.T. jumper fuse blown-2
L.T fuse blown-1
L.T. conductor broken-1
50KVA Vill: Palheri
Tee joint loose-2
L.T. jumper burnt-1
Meter terminal burnt-1
H.T. fuse blown-1
Service line burnt-1
63KVA Malkpur Taprian
L.T. jumper burnt-3
H.T. fuse blown-1
63KVA Vill : Sohali
L.T. jumper burnt-1
Tee joint loose-2
Tee joint loose-6
63 KVA Teor
L.T. conductor broken-1
Service line burnt-1
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H.T. conductor broken-1

6.2.1

Distribution Transformers
The transformer failure rate per annum in different states in India is very high and

varies up to 15%. The failure rate of repaired transformer about twice that of a new
transformers, which is mainly due to bad repair. Besides that, about 3% of new
transformers fail during one year warrant period, showing the bad quality of
design/manufacture. The failure rate is 0.8% in U.S.A, 3% in Canada and 1% in
Australia. IEEE Standards 100 1980 and 500/1984 allows maximum annual failure rate
of 3% for distribution transformers.
According to a study [30], in distribution transformer failures, HT winding
account for about 60% failures, about 20% failure pertain to combined LT and HT
windings damage and then about 5% account due to LT winding failures and remaining
15% failures are attributed to other miscellaneous causes. Failures are more in the
monsoon season as compared to the other seasons. Winding faults are mainly due to
vibrations and shocks on the winding during line faults, and rough transportation, causing
spacers to become loose, ejected and resulting in flashover from one coil to another coil.
Causes of failure
Failure Due To Repeated Faults: When a transformer winding is sudden subjected to a
short circuit current mostly due to either clashing of the conductors in the loose lines or
due to core faults of the LT 4-core cable a rapid rise in winding temperature can be
expected. This temperature rise can cause conductor annealing and insulation
decomposition which produces gas. A mechanical weakening of the winding can occur
because of thermal aging. Insulation aging as a result of short circuits, however, is of
nominate concern. The thermal effect due to short circuiting is proportional to where I is
the rms value of the short circuit/ fault current and t is the duration for which the fault
current persists. The mechanical effect of short circuit currents is probably the most
important aspect of failure mode of transformers due to through faults. The mechanical
force on a conductor is proportional to the product of the instantaneous current within the
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conductor and the electromagnetic flux density magnitude at the conductor. The
generated electromagnetic force is proportional to the square of the current. (The offset
value of the current is the maximum instantaneous value. For constant reactance, the ratio
of the maximum offset wave to the symmetrical current wave is a function of the
reactance/resistance ratio of the circuit up to the point of fault as well as the closing
angle.) (see Table 15.4.).
Faults on a distribution system are characterized by relatively long duration and
repetitive reclosing into the fault. Tests have shown that continuous operation of
transformers causes a gradual relaxation ………………………………dimension and
loading pressure over a long period of time, but it gradually creeps and the fibre assumes
a permanent set. This tends to relax the compressive pressure. The second change is the
embattlement of the of the insulation. These two changes make it unrealistic to anticipate
retaining the original short circuit capabilities of transformer.
The cumulative effect of relaxation of compressed insulation is of concern which
stems from the evidence that the peak dynamic forces increase substantially as clamping
prestress is reduced to very low values.
It would be seen that prestress value within the transformers are generally
decreasing, due to short circuits and increased loading and that this increases the
compressive stress for each succeeding fault of the same magnitude.
The net effect of all this is a reduction in the mechanical capability of the
transformer and consequently, an increase in the probability of transformer failure due to
short circuits [13].
Most manufacturers in India do not check axial and radial stresses imposed on
windings under through fault conditions. The bracing and clamping provided are not
adequate. IS: 1180-1989 or 2026-1977 do not prescribe short circuit test as a type test. As
per short circuit sample testing studies [14] on fifteen new distribution transformers at
short circuit testing and development centre, Bhopal, nine transformers failed during
tests. The failure of these units were of the following nature:
Failure of insulation between LV winding and tank.
Displacement of LV and HV coils upwards.
Displacement of spacers.
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Failure due to bad protection: distribution transformers are usually protected by wire
fuses though this is not reliable method. The fuses used sometimes are of higher ratings
than the capacity of the transformer and this totally defeats the very purpose of
protection. In rural area, fuses of pole-mounted transformers are often changed by the
consumer at will as most of the gang-operating switches are without locks.
The transformer, when not protected adequately, may cause failure due to
lightning overvoltages. It is desirable to install lightning arresters at or near the
transformer terminals.
Failure due to bad loading conditions: Hardly any reference is made to the temperature
rise of distribution transformers while they are loaded. Most of the field staff are not well
conversant with the loading of transformers in relation to temperature rise. The loads on
different phases are not balanced as a result of which normal operation of the transformer
in one way or other is impaired.
Failure due to bad design and sub-standard material: sometimes transformer failures
are due to faulty design and the poor quality of material used by various manufacturers.
Poor quality tank welding has resulted in tank bursting. Sealed transformer are not being
provided with gas releasing pressure valve and proper cushion of dry air for example, the
vanish for the impregnating of winding insulation varies from manufacturer to
manufacturer. As a result, sludge formation in transformer varies. The presence of sludge
affects the normal cooling which further aggravates the problem of sludge formation and
leading to overheating of the winding.
In service, transformer oil is tested for its dielectric strength and dehydrated as a
corrective measure. Acidity development during the course of operation is very harmful
for organic insulation of the windings and thus undermines the useful life of the
transformer.
Inspection and maintenance items list (28)
The following items of the distribution transformer need to be checked for inspection and
maintenance purposes at suitable time intervals.
Oil level and tapping
Temperature rise of oil/winding
Unusual noises
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Relief diaphragm for bigger transformers
External connections: cables, thimble connectors
Bushing arcing horns (arching horns gaps may be as per IS: 3716 1966). The
recommended gap for 11kv is 32mm for double gap arrangement ( table 10.2).
Breather’s silica jel: it should be re-conditioned/replaced where necessary.
Cooling system
Relays and alarm circuit
Earth resistance (the value should not exceed 5ohms)
Transformer oil (as per IS:1866).
Supports
Rod gaps checking and surface cleaning
Lightning arresters
Fuses: Pole mounting transformers are generally provided with horn gap type fuses with
air break switch on the HT side and switch fuse unit on the LT side. For rewirable fuse
sizes refer appendix VIII
Insulation resistance [8]: Table 16.2 gives the minimum safe insulator resistances in
megaohms at different temperatures (windings to ground). These values hold good for
newly commissioned transformer.
Table 6.2
Minimum insulation resistance at different temperatures
Voltage of winding
66kv and above
22 and 33kv
11kv
below 66kv

200C
1200
1000
800
400

300C
600
500
400
200

400C
300
250
200
100

500C
150
125
100
50

600C
75
65
50
40

Formers. However,50% lower values can be accepted for old transformers in
service. It may be noted that for every 100C rise in temperature, the IR values are roughly
halved. The measurement is made with 2.5kv megger.
Overhaul
With the passage of time, newly installed transformers in service undergo some shrinkage
in the insulation of their windings and consequently the windings become loose. The
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transformer oil under the action of heat and in the presence of copper, iron, etc.
undergoes certain chemical changes, resulting in the formation of sludge, acid and water.
Thus it becomes essential to overhaul the transformer. The overhauls may be desirable
once every ten years by the period depends on the load cycle of the equipment and
manufacturer’s recommendations.

Circuit breakers
The circuit breaker may be bulk oil type, minimum oil type, air circuit breaker, vacuum
type, and SF6 type.
The inspection, maintenance and overhauls may be done as per manufacturer’s
instructions. The usual general checks include general cleanliness and lubricating of
operating mechanism, oil condition, auxiliary circuits, fuses and alarm operation, relays
working, total operating time, battery condition, load setting, contacts condition,
insulators and mechanism working, Circuits and PTs connections, earthing resistance,
are cutes of air circuit breaker and vacuum bottles of vacuum circuit breakers condition,
are control pots of oil breakers, sealed untis of SF6 etc. batteries be checked for any
lagging cell, cell voltage and specific gravity.
6.2.3 lines (29)
all overhead lines should be patrolled periodically at intercals not exceeding three
months, from the ground when the line is live. The ptrolls should write line inspection
notes and pass them on to the maintenance staff for carrying out the necessary repairs. To
avoid the close high fault currents, the first 5km line from the substation, must be
maintained as zero defeact line.
Many breakdowns including slipping of conductor due to loose damps, loose or
missing nuts, cracks/burns on the porcelain of insulator and defects on the suspension
fittings can only be discovered or seen by going on top of every pole. This inspection
should be carried out by taking a shut down of the line at least once a year and should be
done in as little time as possible. Such inspection be done before the start of rainy season.
The main repairs should also be carried out, including the replacement of broken and
cracked insulators etc. other points which cannot be examined from the ground such as
defective clamps, sleeves, and connectors, must bolts, sign of overheating on clamps or
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connectors, loose binding of conductor with insulators and lightning arresters should be
checked and repairs carried out.
When an overhead line trips on fault frequently, it should be inspected to find out
the nature of the fault, such as loose sag, loose jumper, birdage trees or kite-string
touching, or other extraneous matter, etc. Find out the amount of repairs involved, with a
view to avoid recurrence of such fault in future.
Inspection of maintenance of line s need check on the following item.
(a)

Poles: alignment, top cover of wooden and tubular poles, back filling etc.

(b)

Stay: tightness, guy insulators

(c)

X-arms, insulators, clamps: alignment, looseness, breakage etc

(d)

Span, conductors and earthwire: correct span and sag and clearance loose joints
etc

(e)

Jumpers and other line accessories: tightness and orderliness.

(f)

GO switch with fuse unit.

(g)

Lightning arresters: test these periodically for its operative condition

(h)

Cable and cable end boxes: IR values be checked every six months in case of
feeder cables.

(i)

Earthing system: resistance should be less than 15ohms of each H.T. pole

(j)

LT switches/cut-outs.

(k)

Timely tree pruning be done near overhead lines and sustaining.

6.2.4 service connections
The following items require scheduled attention:
(a)

Poles and pole fittings, cut-outs.

(b)

Service wire, cables and tee-off points and jumpers. Number of service line teeoffs at a pole should not exceed four to avoid congestion and accident.

6.3

PROCELAIN INSULATORS
Insulator contaminations can be industrial (dust, fog, smoke, cement ash, coal

dust, oxides, sulphates of various metals) and marine type (sain deposition). The
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contaminants due to general dust and dirt are washed away by rains and those due to
adhesive dust, ie. Cement, coal petrate chemicals, etc. are not washed away by rains. The
former can be removed by simple periodical cleaning and the latter by special cleaning .
the design and maintenance of insulators is generally concerned with effect of these
deposits which can result in particularly conducting over the surfaces. Flashover does not
normally occur until the deposits become wet due to fog, mist or light rain. Heavy rain
may, however, assist in washing the deposits away. In the case of greasy deposits such as
cement etc. measures of grease coating and periodic washing are necessary. Grease
coating comprise hydrocarbons or silicon baded grease (Metroark-14 brand, indigenously
available) and is applied either manually by spray or by dipping. Petroleum jelly is found
to be most satisfactory and economical below 600C working temperature and above this
temperature silicon grease

is desirable. The removal and replacement of grease is

required every 2-4years. This is a laborious task and may require plant outage for
considerable time. Live washing of insulators is effective which can considerably
decrease the outage times. Indian Western Railways are regularly using hot line washing
equipment for 25kv traction line insulators. Tata Electric Co. have maintenance schedules
on hot line washing for coastal pollution. Punjab State Electricity Board is using this
equipment for hot line washing of 66kv lines for acid prone pollution of line insulators
and accessories. Pollution on the insulators creates nonuniform voltage distribution
across the part of the insulator/string etc. ant to obtain uniform voltage distribution,
application of semiconducting greases can be very helpful. The use of resistance glaze on
porcelain instead of conventional glazing permits a leakage current of 1mA to the flow.
The creepage path may be provided of a higher order for industrial pollution. According
to IS: 2099-1973, for bushing, the minimum values of the creepage distance (in mm per
unit of rated voltage) are as follows:
For normal and lightly polluted atmosphere
For heavily polluted atmosphere

16mm/kv
23mm/kv

For type insulators may be beneficial but due to special design these may be
costly. Polymer insulators are pollution resistant.

6.4

TRANSFORMER OIL MAINTENANCE
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The causes of deterioration of transformer oil are summarized in table 6.3
Tests to judge deterioration of oil are given below.
The new oil must withstand 50kv between two brass sphere electrodes with a gap of
4mm. After three months of the new oil in use, it should withstand at least 40kv
and minimum 30kv for one minute after every year. If the value is lower than this
and also does not improve after the removal of moisture by suitable means, the oil
has become unserviceable and should be removed from the equipment.
Physical observations, such as colour, odour etc. of oil in service cannot be used to judge
its fitness but these may yield important information. Oil darkens with age and
therefore, any sudden change in colour may indicate accelerated deterioration.
Acrid and offensive odours are usually associated with high organic acid or
dissolved gas.

Table 6.3
Deterioration of transformer oil
Physical contamination
Dust,

fibres,

particles,

Chemical contamination

Contamination by gases

metallic Oxidation resulting in acids, Dissolved

other

solid sludges

impurities

and

other

impurities

Dissolution of varnish

from

atmosphere:

polar oxygen nitrogen, carbon dioxide
Generated in oil methane, ethane,
acetylene, ethylene etc.

Free and dissolved water

(3)

A low power factor (loss tangent or tan delta) and a high resistivity value indicate
that the oil is in good condition. However, for oils with high power factor and low
resistivity values, further tests are necessary to ascertain the cause of deterioration
such as moisture content and dielectric test.

(4)

Experience indicates that when the oil has reached a neutralization number of
1.0mgKOH/g, it should be considered unfit for service. Portable kit to determine
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the neutralization number is available with Central Power Research Institution
(CPRI), Bangalore.
(5)

The interfacial test is very good indicator of the condition of the oil. A fall in the
interfacial tension below .015 Newtons/m indicates the sludge formation is
imminent and oil should be considered unfit for service. An interfacial tension
value of greater than 0.02 N/m ensures freedom from all polar impurities.

Reconditioning and reclamation: the oil service conditions can be classified as, (I) oils
fit for service, (ii) oils with a fair degree of contamination and (iii) heavily contaminated
oils.
In the case of IS no action need to be taken. For (ii), the oil can be main
serviceable by simple process of filtration, centrifuging or vacuum dehydration. This is
termed as reconditioning. Category (iii) oil need complex treatment to bring the oil back
to the original state. This process it termed Reclamation or regeneration. The test limits
of these classes are given in table 16..
IS: 1866-1983 gives the guidelines for the maintenance of transformer oil.
The complex treatment of reclamation is done with the help of the fullers earth as
explained in CBI & P Report [9]. This is an indigenous developed by CPR Bangalore.
Korvi- fullers earth is available in Kano. A similar earth has been developed by the
Regional Research
Table 6.4
Tests limits for transformer oil
S.

Tests

Satisfactory use

No
1

To

be To be reclaimed

reconditioned
Dielectric strength kv Above 30

Between 20 and 30

Below 20

Above 0.5

Above 1.0

Between

Above 1.5

1.0-1.5

Below 0.01 x 1012

(breakdown)
2

Neutralization

Less than

Number mgKOH/gm

0.5

3

Power factor (tan )

1.0 or less

4

Resistivity ohm cm at x 1012
900C

or more

Below .01

86

5

Interfacial tension

0.015 or more

Newtons/m
Flashpoint 0C

6

Below 115
Between

125 or more

125 and 115
>35

7

Moisture pmm

>35

Hyderabad and is marketed by D.C.M. Chemical works, New Delhi. The earth is
renewable during the process. Karnataka Electricity Board has set up this plant at
Bangalore. The electricity boards should go in for mobile reclamation unit for field use.
Antioxidants (inhibitors) are added to the reclaimed oil to lend stability to the oil for
further use. Such an inhibitor (trade name-DBPC) has been tested successfully by CPRI,
Bangalore.
Supply undertakings should establish permanent laboratories to reclaim
unserviceable transformer oils. The cost of reclaiming is just about 5% of the new oil.
Dissolved Gas Analysis By Gas. Chromatography [2]: the insulating oil used in
transformers is capable of dissolving gases; the amount thus dissolved depends on the
king of gas concerned. Most of the faults that occur in transformers may be attributed to
the following causes:
(c)

Severe localised overheating (hot spots) due to bad joints or core overheating due
to core bolt insulation failure or shaking of shaking of core otherwise or
overheating of oil by bare conductors.

(d)

Arching or high current discharge or insulation breakdown between adjacent
turns, or bad contacts in tap changing arrangement.

(e)

Partial discharges or low energy spark discharges.
All the above faults invariably generate gases as a result of the decomposition of

oil and other insulating materials, viz. Paper, press-board, resin-bonded paper and wood.
The decomposed gas of these materials dissolved in oil varies considerably in its
constituents. They are hydrogen, methane, ethane, ethylene, acetylene, carbon monoxide
and carbon dioxide. The analysis of the above dissolved in oil

diagnostic tool for

detecting the nature and type of incipient faults. Further: depending upon the type of
incipient faults, different gases in different percentages are evolved. The combinations of
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different gases indicating the type of fault are well identified. These gases are analyzed
using the gas chromatograph. Since the sensitivity of the gas chromatography is very high
and the analysis time short small quantities of oil samples from operating transformers
can be drawn periodically without distributing the power system and the composition of
dissoved gases ascertained from time to time. This analysis, if carried out periodically,
also clearly indicates the nature of the incipient fault which is likely to occur after a
definite period of time depending on the type of gas evolved so that timely remedial
measure can be taken to save the life of power transformers. IS: 18669434 and 105993
detail the interpretation of dissolved gas analysis.
6.5

TRANSFORMER DRYING

For smaller transformers of capacity less than 630KVA, drying out by oil circulation with
the dehydration filtration set is sufficient. Short-circuit with hot oil circulation with
dehydration set is recommended for medium size power transformers 630 to 5000 KVA
and or transformer above 3MVA, indication heating is more suitable.
(1)

OIL CIRCULTION METHOD
Oil, core and windings inside the tank are stimultaneously dried out wi9ll

dehydration set. The oil temperature more than 750C accelerates its aging properties. The
oil dehydration by the conventional streamline filter set not desirable. Because its heater
surface temperature is about 3000C, the oil in contact with the heater during dehydration
process, start carbonizing and degrades. High vacuum pump (759.9mm Hg) oil
dehydration process occur with these plants due to very small temperature differential is
±20C) between oil and the heating porus element surface. The moisture is driven out from
the windings into the oil and is removed from the oil by vacuum evaporation and filtering
with circulating hot oil temperature not exceeding 700C.
2.

SHORT-CIRCUIT WITH OIL-CIRCULATION
The above process as stated in (1), is used ant the tank sides and top are lagged

with some covering like tarpauline. If the transformer radiator are fitted with valves, the
oil circulation in the radiator may be perevented by closing the upper radiator valves,
leaving the lower valves open. One winding Hv or LV should be short-circuited with tap
setting, so that entire winding is in circuit. A three-phase supply not exceeding the imped
voltage is applied to the other winding.
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The temperature of the winding measured by the resistance or temperature
indicator and that of top oil by temperature gauge should not exceed 8 0C and 700C
respectively. The temperature should be raise slowly to this final limit, at least after 24h.
with the oil temperature rise, the insulation resistance may fall and will eventually reach a
steady value as shown in fig. 16.1. the temperature should be kept constant until the
insulation resistanc show a steady and increasing upward trend. When this point is
reached, the drying out process is completed and the application of heat may be
discontinued. During the cooling down process, the insulation resistance begins to rise
and as temperature reaches 600C, the insulation resistance should be measured and

Cooling

Heating up
temperature rise

Insulation resistance

compared for healthiness (see sec. 14.2).

Heating continued at
constant temperature
Time
Fig 6.1 Variation of insultion resistance with time of drying
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3.

Induction Heating

this consists of generation of heat by eddy currents in the transformer tank, body, winding
and core by using induction winding around the tank body. This method is cheap, quick,
reliable and is undertaken in the following sequence.
The oil is drained out, dehydrated and tested separately. Radiators and bushings
are removed. The transformer core assembly is taken out, inspected and set right for any
loose clamping, joints, etc. then it is put in the tank. All the openings in the transformer
tank are sealed with rubber gaskets, so that the tank can withstand an almost full vacuum.
The transformer is tested for leak- proofness and a suitable vacuum pump is connected to
it through a condenser connection made near the top of the tank, which condenses and
collects the moisture from the transformer. A number of thermoccouples or thermometers
are provided at carefully selected places, to control the temperature of cor, winding and
the tank, in addition, mercury thermometers are also provided to ascertain the ambient
temperature at two suitable places, ie. At the places which are not affected by the heating
of the transformer. The empirical formulae for design of induction winding and bottom
strip heaters rating are.
Induction winding power (P), kW = specific power x tank height x tank perimeter
P  103
3  V  cos 
Induction winding current / phase
AmpsI 

Where V = supply phase voltage, (cosØ is taken as 0.5 to 0.6)
The outer phase turns = R = B
0.75  A  V  3
L
Where, A = turn coefficient depending upon induction winding specific power


consumption given in Table 16.5. L = Tank perimeter in m
Y 

0.75  A  V  3
L

The middle phase turns,
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Total turns = R + B + Y
Table 6.5: Induction winding specific power (SP) and turns coefficient “A”
SP (kW/m2)

Turns coefficient ‘A’

Up to 5

Up to 0.9

Up to 2.12

5 – 10

0.9 to 1.8

2.12 to 1.59

10 to 12.5

1.8 to 2.4

1.59 to 1.44

12.5 to 15

2.4 to 2.8

1.44 to 1.38

Transformer tank
Perimeter, m

All phase turns are wound in the same direction on suitable wooden arms firmer
laid in vertical position along the tank body. The turn phase Y are connected in
opposition to phase R and B. The number turns for phase Y is 40%, that of in phase R or
B. This enable to has equitable loading of all phases.
Specific power consumption for bottom-strip heaters is 0.8 kW / m2 and 0.8 – 1.4
kW / m2 for transformer having tank perimeters up to 10 m and 10 15 m respectively.
Trip heaters are installed below the bottom of the tanks (at a distance of 150 to 220 mm)
to provide additional and uniform heating. The transformer tank is heat insulated by
suitable heat-insulating material.
It should be noted that, (I) while heating up, the temperature should built up
slowly (ii) The depressurising and pressurising be done grade to prevent damage to
insulation (iii) Hot spot temperatures does notes 900. This can be proved by switching
ON/OFF the supply to the voltage winding and to trip heaters if necessary. (iv) after the
process is completed, winding dc resistance, no load current, turn ratio, winding
insulation resistance and polarization index are measured, compared / checked for healthy
condition.
6.6

LIGHTING SYSTEMS

Power utilities design suitable lighting systems for substation and street lighting for
different areas such as metropolitan, urban and rural. Normally, it is seen that once the
lighting system has been installed as per some design, it is thereafter not maintained.
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However, proper care of the system is important for efficient utilization and service.
Some points in this respect are discussed below.
Efficiency and Life of Light Source: The initial cost of light sources is only a part of the
total cost of a lighting installation. As electricity and labour costs rise. Other factors as
given below must be fully accounted for.
(a)

The higher the efficiency of a lamp, the more light provided per unit of the
electricity consumed (fig. 16.2a).

(b)

All lamps have finite life (fig. 15.2b). The coast of replacing a lamp will vary
according to accessibility.
One advantage of using a long life discharge lamp is that it will not need so

frequent changing, resulting in lower labour costs.
Street light
Good street lighting, reduces road accidents, discourages crime, keeps community “alive”
after dark by extending the shopping and entertainment hours, aids in police vigilance
and fire protection, stimulates community growth and inspires civic pride and community
improvement.
The modern practice is towards better distribution of light, less glare and higher
level of illumination. Lamps are enclosed in luminaires which diffuse the light, thus
providing better lighting and improved appearance of both the lighting equipment as well
as streets. Good distribution of light is accomplished by means of a combination of
reflection and refraction in the luminaires which direct the light rays efficiently to useful
areas. The actual value of illumination produced by any lighting installation depends
largely on the nature of the road surface and its condition, ie, whether it is wet or dry.

Planned Maintenance
The lighting system provides for only about half of its specified performance if care is
not taken for maintenance of lighting equipment. There are two main reasons why the
lighting system fails to provide the optimum
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GLS
TH

MBF
Fluorescent
MHL
High pressure
Low pressure sodium
0

50
GLS
TH

100

150

200

Efficiency (lumen/W)
(a)
MBF
Low pressure sodium
Fluorescent tube
MHL
High pressure sodium

0
2000
4000
6000
10000
(b) of lamps:
Fig. 6.2 comparison of different types

8000

Efficiencies (b) lives
GLS

tungsten filament

TH

tungsten halogen

MBE high pressure mercury fluorescent
MHL metal halide
(a)

The light output of a light source decreases with the passage time. Figure 16.3a
shows that the combination of natural aging and dirt accumulation results in a fall
in the light output of up to over ………. two years.

(b)

All light source eventually fail. For any batch of lamps, then of a few failures in
the early stage of their lives (fig. 16.3b). The numerous faulty lamps then
increases rapidly until a point is reached when 60% have failed. This is known as
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average life. Finally, there will be a few lamps which will burn for a very long
time even though they are giving little light and, therefore, poor value for money.
Planned lighting maintenance combines maximum light from ……….cleaning
and minimum lamp change costs by way of bulk replacement, the overall cost of
replacing a lamp exceeds the cost of the lamp ………….

% Natural light loss
due to aging
100

Survivors (%)

100

Percentage light

80
60
40

% loss due to dirty
conditions

20
0

0
24

4

8

12

16

20

Months
(a)

75

50

25

0

0
25
50 75 100
150
Average life (%)

125

(b)

76% energy
6% Tube
18% labour

Fig 6.3 working of lamps:
(a) Efficiency loss in service (b) Average life; (c) typical overall costs of lamp’s
operation throughout its life.
Lighting maintenance is viable. The replacement cost should include cost of labour,
inventory and administration.
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Advantages of planned maintenance
(a)

Saves money- total cost of replacement is reduced.

(b)

Planned expenditure – lighting maintenance cost is known in advance.

(c)

Lighting efficiency – lighting is maintained to give maximum value for money.

(d)

Better appearance – contributes to a better working environment .

(e)

Store economy – fewer lamps need be held in stock. It is important to consider the
overall cost of a light source throughout its life (fig. 16.3c). often, the actual cost
of lamp is the least significant factor.

Replacement
Lamp can be replaced in two ways;
Spot replacement:

This involves the individual changing of lamps as they fail at

random. This requires the setting up of access equipment each time a lamp fails and is
therefore, time consuming and disruptive to users.
Bulk replacement: It comprises changing all the lamps in an installation and a
convenient predetermined time. Access equipment is erected only once and moved on
resulting in minimum time per lamp change and consequently, minimum cost.
When to replace lamps
There are few failures (approximately 15%) at about 70% of average life. This is the time
to institute bulk replacement (fig. 16.3b).
Burning hours per week
Recommended bulk changed time (months) 12

100 75 40
15

30

20

60

(Fluorescent lamps)
6.7

MAINTENANCE STAFF AND TOOLS

For the maintenance of any system, well – trained staff and adequate equipment are
required. The maintenance may be of two types:
(a)

Preventive or scheduled maintenance

(b)

Emergency maintenance in case of faults and consumers complaint oriented
maintenance.
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Maintenance centres should be well organized. Staff training institutes should organize
regular training programmes for linemen, foremen and Junior Engineers. Exhaustive
training may be in four stages:
(a)

Training in field work

(b)

A series of lectures of a technical and semi-technical nature.

(c)

Workshop training

(d)

Practical and oral examinations.

Field training may consist of the erection of short length line, pole mounting substation,
erection of supports with proper use of tools, fixing of gangs, etc. at the institute training
ground and visits to field works lectures may be given on conductor types, jointing,
insulators, binding supports, conductor terminators, staying, earthing, erection, painting
painting services, patrolling of overhead lines and safety regulations. Workshop training
may consist of making different types of joints, binding, jumpers and insulator assembly,
soldering, etc.
Maintenance staff may be divided into two categories:
Regular maintenance staff whose job would be to perform scheduled maintenance and
emergency repairs in case of system faults or major consumer complaints. The staff is
organized in the units of gangs under the charge of Junior Engineer or assistant foreman.
Each gang should consist of linemen, assistant linemen and skilled labour, their numbers
depending upon local conditions.
Maintenance staff for consumer complaint centres: This staff attend to consumer
complaints. The complaint centres should be easily approached and strategically located.
The complaints may be attended by different gangs, each consisting of one lineman and
one assistant linemen.
6.7.1 Lineman duties
Lineman is a technical worker authorized to work, inspect and patrol the lines,
transformers and connected switches. The general duties of lineman, depending upon the
nature of job assigned, ie. Construction works or maintenance works or consumer
complaint works are:
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-

Construction of distribution transformer substations.

-

Construction of overhead and underground power lines.

-

Construction of local distribution system.

-

Laying of service lines to consumers.

-

Replacement ant dismantlement of works.

-

Attending to breakdowns on HT/EHT lines.

-

Checking of auto-reclosure/sectionalizer/GO switches at primary feeder and
distribution transformer load and ensuring their smooth and correct operation with
the help of other staff.

-

Patrolling of LT/HT/EHT lines and reporting the defects to his immediate
superior through patrol book.

-

Checking of the oil level/ leakage, fuse sizes in the transformer.

-

The lineman will be responsible for ensuring that the transformer are not
overloaded by the use of unauthorized running of irrigation pumps and other load
and check inadequate protection on HT and LT side; theft of energy will be
checked in the specified area.

-

The lineman is authorized to obtain the permit-to-work (PTW) in the absence of
Junior Engineer or to issue the PTW to himself in the field, by operating the
sectionalizing switches, when work on the overhead HT lines is to be attempted
for the purpose of maintenance or attending to breakdowns.

-

The lineman will report about his findings regarding shortage/ leakage of oil in
the distribution transformers, loose of power utility’s property, stealing of electric
energy, etc., to his immediate superior.

-

Checking of general service consumer premises and meter sealing in his area,
when assigned by the Assistant Engineer.

-

He will be held responsible for any accidents to human being/animals due to
cause attributed to lapse on his part.

-

The lineman posted in the complaint centres will maintain complaint register,
attend to consumers complaints and breakdowns in LT supply in the areas served
by the complaint centres on first priority, and will also be responsible for;
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(i)

Checking of the size of fuse wire on the HT and LT of distribution transformer in
the area of the complaint cenetre and replace them if over-sized or blown out.

(ii)

Reporting of the missing seal of the meters, while attending complaint at the
consumer premises.

(iii)

Checking and attending to the defects in the LT distribution system

(iv)

Refixing of the loose supports for the service lines.

(v)

Refixing of loose rag eye bolts for cable mains and submains.

(vi)

Re-sagging of bearer earth wire and the cable services, submains and mains.

(vii)

Cutting of tree branches near the conductors.

(viii) Patrolling the LT lines at least once in three months and bringing the titled poles
in plumb and re-sagging of conductors.
(ix)

Upkeep and maintenance of personal and general T and P in the complaint office.

Bedside the above duties, any job specifically assigned by the junior Engineer/Assistant
Engineer in charge is also to be carried out by the lineman.
6.7.2 Tools for maintenance
A power system distribution division should be a self- contained unit for the
proper maintenance of the system under its jurisdiction. Within the division, the
following essential tools and materials should be available
(a)

Divisional level
Cable jointer kit (with cable jointer)

one

Hydraulic compression machine 5 tonne,
10 tonne capacity
crimping tool kit (2.5-500mm2 dies)

(b)

one each
one

power factor meter, earth tester

one each

infrared thermometer-remote sensing 0-2000C

one

megger 2.5KVA

one

Binoculars

one set

Sub-divisional level
Each patrol gang (say, one lineman and four assistant linemen) should have:
Clip-on current/voltage tong tester:
0-1000 A, 0-600v

one
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Torch (5 cells)

one

Automatic electric oven for drying silica-gel

one

Bamboo lathi

`

one

Gum shoes

two pairs

Patrolling van

one

Megger 1000v, 500v

one

Drilling machine

one

Each maintenance gang (say, two linemen and four assistance linemen). Should keep a
minimum of the following tools and materials:
Earthing set (HT line)

Two

Lineman tool kit

Two

Sledge hammer 5kg

One

Crow bar

Four

Pipe wrench

One

Hand line 13mm size, 30m

One

Rope sizes (manila) 16mm, 25mm, 30m long

One each

Pulling and lifting machine 3.5 tonne
Cimping tools kit with

One
One

Set of dies (2.5mm2 to 95mm2)
Twisting wrenches for twisting joints

One set

Hacksaw frame with blade

One

Single way pulley

Two

Spanner set

One

Kassi

Two

Augur 30cm dia

One

For consumer complaints, each gang may be equipped with:
Lineman tool kit

One

Climbing irons for wooden poles [27]

One set
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Wooden ladder or aluminium ladder 8m

One

At important complaint centre, the provision of –pickup van is desirable.
(c)

Lineman’s tool kit

General purpose kit consists of:
Rubber goves

One pair

Torch (3cells)

One

Test pen

One

Test lamp

One

Safety belt

One

Screw wrench 25mm

One

Insulated side cutting plier

One

Insulated plier 15cm, 20mm

One each

Splicing plier 20 cm, 15cm

One each

Long nose (cutting) plier 15cm
Hand crimping tools 2.5-10mm

One
2

Sledge hammer 1/2kg

One set
One

Screw driver 20cm, 15cm, 10cm

One each

Spanner 26mm, 18mm, 30mm

One each

Measuring ruler

One

Hot chisel

One

Kit bag

One

All tools should be checked periodically for healthy working condition.

6.8

MAINTENANCE COSTS

Maintenance costs are annual charges on maintaining the system. It is not easy to
estimate the relative magnitudes of maintenance costs of different types of systems, on
the basis of an estimate of few good power utilities. The cost can be allowed for as a
percentage of capital costs, between 2% and 3%, the higher value being for rural area. It
can be argued that a system having higher capital cost, due to the use of automatic
reclosers sectionalizers, etc., will have a lower maintenance cost. The good trained staff
could also lower the maintenance costs. Rural Electrification Corporation use 3% of
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capital cost as annual operation and maintenance charges for sanction of rural
electrification schemes. The average annual maintenance costs in most of the power
boards are high, up to 7%. According to a study, the average cost of power boards in the
northern region are:

Item

Percentage of capital cost

11 kV line
LT line (Mains)

6
5.5

Transformer

5

Consumer submain & service

5

Of the above cost, almost 80% cost is labour and remaining 20% material and
overheads. Overall cost reduction would mean suitable reduction in technical staff and
using maintenance free technologies.
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CHAPTER SEVEN
POWER SYSTEM IMPROVEMENT
7.1

INTRODUCTION
Due to system expansion without proper and adequate planning and financial

provision for the works in time, a large number of distribution systems have run into
problems such as poor voltage regulation, poor power factor, high losses and poor
efficiency, overloading and less reliability for continuity of supply.
The causes for high losses and poor voltage regulation in the distribution and
subtransmission system are:
1.

Low power factor of the consumer installations.

2.

Long and overloaded L.T. lines.

3.

Distribution transformer’s centres located away from the load centres.

4.

Long and overloaded 11KV and subtransmission lines.

5.

Poor voltage regulation on 11KV and L.T. lines, voltage drops being extended
beyond permissible limits.

6.

Underloading of distribution transformers

7.

Absence of shunt compensation in the subtransmission and distribution system;
compensation is required because of heavy inductive loads.
It is, therefore, necessary to improve the working of the power distribution

systems to reduce the unfavourable conditions and thereby reduce loses, improve voltage
regulation, etc. the system improvement has to be planted properly with the following
objectives in mind:
1.

To reduce losses in the distribution and subtransmission system.

2.

To improve the voltage regulation so as to bring it within the prescribed limit.

3.

To improve the continuity of supply.

To improve the power factor in the subtransmission and distribution system so as to get
optimum utilisation of general/subtransmission/distribution capacities.

7.2

Methods Of Power System Improvement

Improvement on L.T. System
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Whenever the existing L.T. lines are very long or heavily loaded, bifurcation
reinforcement should be effected or new L.T. lines constructed. The main consideration
should be to bring the voltage regulation to within 5% at the tail end.
Whenever the distribution transformer is overloaded and additional loads are
anticipated, then the existing transformer will have to be replaced by a higher capacity
transformer. Or a new transformer may be provided to cater for the loads.
Shifting the distribution transformer centre to the centre of gravity of the loads will cut
down the L.T. line lengths and loading and give better voltage regulation.
Replacing the distribution transformer centres having higher capacity than required with
lower ones or by redistributing the loads for uniform loading thus reducing the idle
capacity in the system.
The size of the conductor is increased wherever required for improving the tail voltage
regulations.
Installing L.T. capacitors on all L.T industrial and agricultural connections of 2.5KW and
above improves the power factor. If it is not possible to get the power factor corrected at
the consumer’s terminals, shunt capacitors on L.T. side of distribution transformer
centres may be installed and their capacitance may be worked out on the basis of the
maximum load on the distribution transformer and the power factor at the distribution
transformer centre.
Improvement Of The Existing 11kv System
The voltage regulation of all 11kv feeders should be checked. This should be kept within
± 6% of the line voltage.
The 11kv system can be improved by splitting the heavily loaded 11kv feeders by
constructing additional 33/11kv feeders for better voltage regulation and satisfactory
supply conditions.
Shunt compensation.
Shunt capacitors are installed at the HT substations based on the studies carried out for
the size of the capacitors required under the given system conditions. Providing
capacitors at HT substations (11kv side) instead of EHT substations would give added
advantage of reduction in line looses in the subtransmission line.
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Augmentation of power transformer capacity
When the power transformer at the HT substation is fully loaded, then such transformer
may require augmentation. To determine the capacity of the transformer required, find
the load which would be transferred from this substation to the other substation or vice
versa and the normal expected growth for the next seven years (including two years
period of execution). The reduction in the system peak demand due to reduction in
system losses should be taken into account for determining the transformer capacity. The
transformer capacity can be augmented by installing an additional transformer or by
replacing the existing transformer with a higher capacity transformer. Whenever power
transformers of 5 MVA and above are added or augmented, provision should be made for
OLTC transformer.
Augmentation of Subtransmission Lines
The subtransmission capacity should be enough to cater to the augmented substation
transformer capacity. If necessary subtransmission lines should be strengthened or new
subtransmission lines constructed.
New Subtransmission Line And Substation
New subtransmission lines and substation should meet the existing loads and the load
growth expected in the next seven years.

7.3

Power System Improvement Scheme

The Rural Electrification Corporation is financing schemes for system improvement
which enables the various state electricity boards to formulate the schemes and get loan
assistance from the Government of India through the REC. the system improvement
scheme provides for the improvement of subtransmission, primary-distribution and
secondary distribution systems including the installation of HT capacitors at the
substations as well as on the lines.
In preparing the scheme for system improvement, a well- defined area which
needs improvement in the system conditions and which will justify higher financial
returns on the investment is selected. For the selected area, the existing conditions of
voltage regulation, losses, and power factor are found either by measurement and tests, or
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by calculations in some eases. The existing methods of system improvement that are to
be proposed are decided. With this change, the new conditions of the system, viz. Losses,
power factor regulation, etc. are worked out and then the effective reduction and financial
gains by improvement found. The method of working out the calculations is discussed
subsequently.
7.4

DETERMINATION OF THE VOLTAGE REGULATION AND LOSSES IN
A POWER SYSTEM

These are; to be found in the system under existing conditions before system
improvement measures and after system improvement measures.
Load factor (LG) =Average load
Peak load

(8.1)

Loss load factor (LLF) = 0.8 (LF) + 0.2(LF)

(8.2)

Peak load KW ÷ power factor
Utilisation factor (UF) = KVA capacities of distribution

(8.3)

transformer centres

7.4.1 LOSSES IN THE SYSTEM BEFORE IMPROVEMENTS
The units received on all 11KV feeder lines by meter readings at the substations during
one moth or a year are found and also the data regarding the units sold on all LT line
during the same period. Then
total units received – total units sold
the percentage losses in the system = total unit received

(8.4)

the losses in the system can be shown as due to (I) 11kv line losses, (ii) losses in
distribution transformers. (iii) LT line losses, and (iv) unaccounted for losses. If L1 are
the losses in the system before improvement and L2 the losses in the system after
improvement, the reduction of losses due to system improvement L = L1 – L2.
11KV line losses. These should be calculated for 11KV feeder at the existing power
factor and by considering the UF at the existing power factor.
Peak-power loss in the line, PPL = 3FR (UF)2KW
Annual energy loss = PPL x 8760 x LLF KWH

(8.5)
(8.6)
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Average power fed = 3 VI (existing pf) (UF) (LF) KW
Therefore, percentage 11KV line losses = power loss in line x 100
Average power fed

(8.7)
(8.8)

Distribution transformer losses: These should be calculated as per ISS 1180 of 1964 or
REC specification.
If iron loss = W6 copper loss on full load = w6 then
Actual copper loss = WC (UF) (LLF) KW
1000
Total transformation losses = Actual copper losses in KW
+ iron losses in KW
Actual copper losses (KW)
percentage transformation losses = + iron losses (KW) x 100
Average power

(8.9)

Fed in KW
Percentage LT line losses
Percent LT line losses = Total % losses in the system
- sum of % losses in the 11KC Lines
and the % losses in the transformation

(8.10)

7.4.2 LOSSES IN THE SYSTEM AFTER IMPROVEMENT
These should be calculated at the improved power factor by considering UF at the
improved power factor as in Sec. 8.4.1.
Percent LT line losses after improvement


 Existing pf
 Existing % LT Line losses  

 Im proved pf







2

7.4.3 CAPACITY OF LT CAPACITORS
The total capacity of LT capacitors required for improving the power factor of the system
is given by,
LT capacitors (Kvar) = W (tan Ø1 - tant Ø2)

(8.12)
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Where W = total connected load of motive power in KW.
Generally the power factor after improvement should be at least 0.9.
The details of the total connected lead of motive power in KW in the area should
be abstained.
7.4.5 VOLTAGE REGULATION
The voltage regulation should be calculated for the 11KV feeders before and after
improvement in the system.
Find the layout of the feeder with loads and distances up to distribution
transformer centres. Length of the section x KVA the causes the current to flow in the
section is found and also the resistance of the section knowing the conductor size and its
and its resistance per km.
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Percent voltage regulation
At 0.8 power factor

=

______MVA X 8 X UF_________.
Constant at 8% voltage regulation

Peak-power loss (PPL) = 3 12R x UF
Knowing the current I and resistance of the section, I2 R in each section can be worked
out and their sum taken for the whole system.
Annual energy loss = PPL x LLF x 87860KWH
Thus, both the regulation and the losses can be worked out, for the lines as above.
Similarly, the voltage regulation and the losses in the subtransmission line can
also be worked out.
In case of LT distributors, the voltage drop in each section of the LT feeders is
calculated by first calculating KW m which is the product of the KW load and the length
of the section. The actual voltage drops is obtained by multiplying this KW m by the
voltage drop constant for the size of the conductor used. The tail-end voltage regulation
of the feeder is then calculated by adding up voltage drop in each section of the feeder
and dividing it by the declared voltage and the diversity factor.
Without using constants from the ready-made table, the regulation at a given
power factor can be found out as follows from basic considerations.
Check the size of the conductor, the cross-sectional area and the diameter. Find
the resistance R per km at 500C (

0
20 C

= 0.004 for ACSR). For the line (e.g 11KV or 33

KV), find the spacing of conductors on poles or towers. Find mutual GMD Dm and selfGMD of the conductor used, this is 0.779r for round conductor or as per strands table.
Find the inductance per-km per-phase,
L  2 x 10 4 x in

Dm
H and the reac tan e per km X   f L
Ds

Find the current, I = Given or calculated MVA = 100 A
3 x kV
Voltage drop = IR cos

+ IX sin per phase

Voltage per phase = Line voltage
3
Find the percentage voltage regulation
ES  ER
x 100  52.49 A
ER

Percentage regulation
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If it is required to limit the percentage regulation to a particular value, the MVA km
which can be allowed for the condition can be found out.
This can be illustrated by an example when using conductor Rabbit (30 mm2 size)
for 11 kV line and limiting the percentage voltage regulation to 8%.
Resistance of the conductor at 500C per km = 0.6103
Ractance of conductor per km = 0.372
If load of 1 MVA is considered at 11 kV,

Current , 

1000

 52.49 A

3 x 11
For 1 MVA km loading, regulation at 0.8 power factor-lagging is given by,
IR cos + IX sin
= 52.49 x 0.6103 x 0.8 + 52.49 x 0.372 x 0.6
= 25.63 + 11.72 = 37.35 V
If 8% voltage regulation is allowed, the voltage drop, x should be equated to this.

Voltage per phase 

11000

 6358 V

3
100
 6358 V
6358  x
x = 471 volts
8

Solving,

MVA km for 8% voltage regulation =

471
 861
37.35
7.5

SHIFTING OF DISTRIBUTION TRANSFORMER CENTRE

Draw the existing distribution transformer centre’s location and the IT system to scale on
a map. The distribution transformer centre location is taken as an imaginary point having
XX and YY axes. Taking these axes, the moments of the load by the distance along the
XX axis separately for positive and negative values of distances. Similarly, the positive
and negative moments for the YY axis are calculated. The coordinates of the new
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distrubution transformer centre are worked out by balancing the positive and negative
moments of XX and YY axis. The location of ht new distribution trnsformer centre is
fixed with this value of X and Y coordinates. This gives the location at the centre of
gravity of loads. A slight adjustment of the loction may be made to suit the actual field
conditions.
Based on the new location of distribution transformer centre, the revised voltage
regulations and the line losses have to be worked out a per the method explained earlier.
The financial outlay considering the investment required for the 11 kv extension,
a new interconnection of LT lines, strengthening of feeder, if any, and the cost of shifting
DTC to a new location has to be worked out. The annual saving has then to be estimated
on the basis of reducing in the LT line losses and the average cost of the sale of energy.
7.6

FINANCIAL ASPECTS OF THE POWER SYSTEM IMPROVEMENT
SCHEME

The financial return on the investment should be calculated notionally on the basis of the
savings in energy/benefits arising from the various system improvement measures.
Saving on Account of Reduction in System Losses: the various system improvement
measures result in reduction of the existing system losses in the scheme area. After
evaluating these losses on 11 kV feeders, the notional benefits due to reduction in the
losses may be calculated on the basis of the average cost of energy sold in the scheme
area.
Revenue from the Sale of Additional Energy on Account of Load Growth: The
system improvement measures should be planned to cater to the normal load growth for
the next seven years. The revenue return should be worked out taking the average per
KW h cost of the sale of energy in the scheme.
Shunt Compensation at the HT Substation: The benefits of shunt compensation at the
HT substations are
(i)

The MVAR loading on the generating stations wherever it is overloaded is
reduced;

(ii)

Release in transmission system capacity and reduction in transmission losses is
released; and

114

(iii)

Release in subtransmission system capacity, transformer capacity and reduction in
losses in the subtransmission lines. Benefits under

(iv)

Can be worked out be considfering the improvement in power factor and the
consequent reduction of the line current. The revenue due to KW saved on
subtransmission lines may be calculated at average cost pr KW h at 11KV bus.
The revenue due to release in transformer capacity may be worked out on the
additional KW h.

Capital Gains (without Load Growth) Find annual KWh received, percentage reduction
in line losses, KWh saved per annum, average rate of sales of electrical energy, and
amount saved per annum.
Then % returns = surplus after meeting interest, etc x 100
Capital outlay at the end of fifth year

(8.13)

Capital Gain (with Load Growth) Consider a load growth of V % per year of the load of

5

v 

 1001 
  100
 100 
its previous year.

(8.13)

Find savings after five years with load growth of V% by finding annual KWh received,
annual KWh saved, and annual amount saved. Account for the annual rental charges
received for the capacitors from the consumers. Finally, find the gross savings after first
year, and gross savings after fifth yea. Then

Percentage net return 

surplus after meeting int eres , ect.

x 100
capital outlay at the end of fifth year
Thus, the percentage return is to be worked out for each scheme. The net return should be

at leas 3.5% so that the capital invested for improvement of the system could be justified
financially.
In all the above procedures, voltage regulation and losses are calculated in a very
rough or approximate way. If the system is complicated, and the losses as well as system
voltage conditions vary at various points, and effect of system improvement measures is
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to be worked out accurately, it should be done by detailed load-flow studies and
determination of losses, etc. on computer as explained in Chapter 11.

Problems
8.1

What are the causes of high losses and poor-voltage regulation in a power
system? What are the point to be considered in system improvement to bring it to
normal operation with voltage regulation within limits and better efficiency?

8.2

Explain the methods of system improvements with reference to improvement on
L.T. system,11KV feeders, shunt compensation, transformer capacities,
subtransmission lines and new substations.

8.3

How do you determine the voltage regulation of a loaded feeder with concentrated
loads at given distances? Explain with illustration of a case on 11KV feeder.

8.4

How are the losses in the system determined before system improvement
measures and after system improvement measures? Explain the effect of
utilisation factor and loss- load factor.

8.5

What are the considerations in locating the distribution transformer centres?
In an overloaded system, how is the new location of distribution transformer
centre determined by suitable shifting?

8.6

What are the financial considerations to make the system improvement scheme
viable? Explain with an illustration
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CHAPTER EIGHT
POWER SYSTEM PLANNING
8.1

INTRODUCTION

We have so far studied details of transmission line constants, operating characteristics,
electrical and mechanical design, economics of distribution systems and distribution
systems and distribution system design. The emphasis was on the design and correlation
of theoretical material with the choice of equipment and their specifications. In this
chapter, we will consider system planning where it is necessary to treat the system as a
whole and choose the parts in the system so that they give the required technical
performance and are also economically justified. Under such a situation, the effort will be
to make the system economical and not only one particular part of the system such as
generation, transmission or distribution or distribution. It would be necessary to consider
the stability and reliability of the system. The basis of planning electrification schemes
and their growth in a particular country should be kept in view to study the system
development. In this respect load surveys on long-term basis and short-term basis and
their prediction is very essential. This has been discussed in the author’s book Elements
of Electrical Power Station Design.
8.2

METHODS OF POWER SYSTEM PLANNING

When planning for the future, the main characteristics of the present system should be
studied and data collected, e.g. electrical energy demand and peak load demand, rate of
growth of energy consumption in the last 20 years, energy production, type of generation
plant and its size, transmission, interconnection and subtransmission systems.
The steps taken in medium and long-term planning studies are shown in Fig. 8.1.
Accurate calculations can be done on various alternatives in system planning quickly
with the help of digital programs.
The steps are (i) forecast of annual energy and power demand, (ii) load modeling,
(iii) generation and choice of mixing the various types of generating stations such as
thermal, hydro, nuclear plants, etc. in suitable proportion for economic operation, (iv)
optimization of power plant characteristics, (v) new substations; their capacity and
location, (vi) new power plants and their subdivision in the main areas, (vii) network
expansion, and (viii) optimization of equipment characteristics.
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FORECAST OF ANNUAL
ENERGY AND POWER DEMAND

LOAD MODELLING

GENERATION EXPANSION
(CHOICE OF THE OPTIMUM MIX)

OPTIMIZATION OF POWER
PLANT CHARACTERISTICS

NEW SUBSTATIONS
(LOCATION AND CAPACITY)

NE POWER PLANTS
(SUBDIVISION
IN THE MAIN AREAS)

NETWORK EXPANSION

OPTIMIZATION OF EQUIPMENT
CHARACTERISTICS

fig. 8.1 Main steps for system planning

8.3

FORECASTING LOAD AND ENERGY REQUIRMENTS

When planning to utilize the natural energy resources of a country, it must be kept in
mind that implementation takes time and needs a lot of capital investment. Decisions
must be taken in advance for judicious and profitable investment. Decisions must be
taken in advance for judicious and profitable investment in various projects to make them
effective useful and economical. For this purpose, the anticipated electrical power and
energy demand should be known. The resources available in the country for electrical
power production, e.g. for steam stations, hydro stations, nuclear stations, gas stations,
etc. can then be developed considering the electrical power and energy requirements and
the locations or regions where demand is expected.
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The forecasts may be long-term forecasts, medium-term forecasts, or short-term
forecasts. Long-term forecasts covering a period of 20 years provide a basis for studying
the energy supply problems of the country and conversion and substitution of different
forms of primary and secondary energy. It takes four to six years for the construction and
installation of the equipment in power stations. Medium-term forecasts of five or six
years are, therefore, very important for planning the size of the stations. Forecasts of
demand for energy are required to estimate the additional stated capacity required to
facilitate the plant maintenance programme and to estimate the firm capacity of the
restricted hydro plants. Short-term forecasts of one or two years are mainly of value in
deciding operating procedures, and in preparing budget estimates.
Generally, the following methods are used for forecasts or estimates of future
demand of electrical energy:
1.

Sectional methods of load-survey methods

2.

methods of extrapolation

3.

mathematical methods

4.

mathematical methods considering economic parameters.

Sectional Methods or Load-Survey Methods. In this method, the area under consideration
is visited and the existing and future load requirements are forecast. The consumer groups
are classified into residential or domestic consumers, commercial consumers, industrial
consumers, etc. Enquiries are made for each consumer category and area to estimate th
load demand, the expected time of occurrence of the load and the energy requirement.
The existing data on loads in the various categories and the expected increase in each
category of load yearly for the next five to six years is then used in the preparation of
electrical load demand and energy forecasts.
The principles load centers, energy requirements, distribution of power to various
classes of load, maximum or peak demands and the characteristics of the loads supplied
are also studied. The losses that would be incurred in the system are considered, taking
the energy loss in the distribution system as 10 to 15%. Diversity among loads are also
taken into consideration. The final future requirement are then predicted as annual energy
requirements, annual peak demands and annual load factors.
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Method Extrapolation: This method involves the study of the data collected from
various records and is used in the comparison of trends of increase in demand and energy
consumption during past periods comparable with the periods of the forecasts. Using
statistical methods the average rate of increase of consumption is found out for the past
and also in countries with similar economic structures. These rates are then used for the
future estimates of the forecasts.
Each country passes through four periods of development in its economy for
power demand, which can be represented in tabular form as shown.
Table 8.1
Specific annual electricity consumption per

Percent yearly increase in energy demand

head, kWh
100

2-5

1000

10-25

2000-3000

7-7.5

3000

7.2

In the statistical method of production of future load and future possible energy
consumption, the curve of load (kW) against years and the curve of energy consumed
(kWh) against years should be plotted.
Mathematical Methods: Curves are plotted with the data of energy consumption for past
years, and the trend is observed by the direct extrapolation of the rate of change of energy
requirements. This method use the linear and/or the exponential curve-fitting techniques
for extrapolating the curves and is applicable where adequate statistical data over a
sufficiently long period on the past consumption is available.
Mathematical Methods Considering Economic Parameters or Energonomics: It is
observed that the specific yearly power consumption depends on the economic factors in
the country. The science of energonomics considers the following factors in the study of
the economics of power system design.
1.

Changes in demand for various types of energy by economic sectors

2.

balance between the demand for commercial energy and the various activities
of the economy.
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3.

Efficiency of the commercial sources in the economic sectors.

4.

cost of energy in relation to the rate of growth of the economy.

5.

energometric indices for the per capital consumption of commercial energy,
non-commercial energy, electricity, etc.

6.

capital investment in energy in relation to the investment of total energy.

The economic standard of living and the electricity consumption bear a particular
pattern of relationship. The specific electric energy consumption depends on the
following essential economic parameters:
1. Specific gross investments
2. industrial production
3. specific gross national products (GNP)
4. Raw energy consumption
5. steel consumption, housing, transport, etc.
Induces for these parameters are found by the construction of curves covering a
large number of years and then extrapolating by linear and/or exponential
approximations. The ratios of the parameters are determined from the curves and an
estimate of the future energy demand can be obtained by using the ratio of the
parameters. Each case will, however depend on the local factors and also change with
time.
8.3.1 METHODS OF FORECAST OF ELECTRICAL ENERGY USED IN INDIA
For the energy survey carried out in India, initially the available data for the
periods between 1953-54 and 1962-63 were utilized to determine the relationship
between (i) total energy consumption (commercial and non – commercial) and the
national income, and (ii) commercial energy consumption outside the domestic sector and
the industrial production indices. Based on the elasticity coefficients, the future energy
requirements for 1970-71, 1975-76, 1980-81 and 1985-86 where estimated assuming
three alterntive rates of growth for national income and the industrial output; (i) 5% per
year for national income and 7% per year for industrial output, (ii) 6% per year for
national income and 8.5% per year for industrial output, and (iii) 7% per year for national
income and 10% per year for industrial output.
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The forecasts were based on the plant output individual economic sectors. The
estimates in the different sectors are suitably integrated for each type of energy supply.
The possible load forecasts in the next five to ten years will be worked out using
the various methods and correlating them with the economic indices and GNP. The trend
of the growth in energy requirement of each class of load and region will be made
uptodate in future plans.
8.4

GENERATION PLANNING
When the load requirements have been determined, the next problem is to

determine the type and size of generating stations that will be required to supply power
and energy. The selection of a site for the location of the generating stations depends on
many factors including the cost of transmijtting the energy to the consumers, of
transporting fuel to the stations, the availability of sound foundations, the cost of land, the
availability of cooling water and the avoidance of atmospheric pollution. Steam stations
should be located at the coal pits or as near the coal pits as possible to avoid transport
cost and time of trnsport. For most economical distribution and the lowest cost of power
and energy, the power station should be located at the center of gravity of load, if a
suitable site is available. There is a trend for increase in the size of generator units to be
used in a large power system. This reduces the cost per kW and improves the efficiency
of the stations.
Hydro plants have transmission liability as they would be located far from the
load centers, at sites where water is available in enough quantity at enough head.
Nuclear-power stations are designed to operate on base load with as high a load factors as
possible, preferably 900 and above steam station with high efficiency units can be used on
the next slab of load-duration curve of the power system at high load factor. Most of the
hydro plants in large power systems are designed for low, load factor operation, e.g. 25%
to 30%. Some hydro plants with ample storage are designed for 60% load factor. The
choice of the type of plant used on a portion of the load curve of a particular power
system would be decided by the local economic conditions.
The problem is to find the optimum mix of generating plants from among those
available, to meet the load with adequate reliability. This will depend in the quality, type,
and size of plants such as conventional steam station, nuclear stations, rearrangement of
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the existing hydro stations for modulation and gas turbine plants and pumped storage
plants for peak duty and energy transfer. The available national resources of energy
should be studied to decide which type of generating stations can be considered for
expansion of the system.
Knowing the availability of generation, characteristics of turbines hydraulic
inflows, uncertainty for load forecasts, etc. calculations are done during computers and
the operation of the production system in examined for a long period of 20 years. This is
done by quantitative evaluation in each year (week by week) of the reliability indexes of
the reliability indexes (risk of power and energy shortages) and of capital and operation
cost. The function to be optimized is the sum of the present worthed costs releavant to
capital, operation and risk of shortage.
Crareful choice should be made of the composition and characteristics of the
generation plant and it should be possible to continue studies quickly energy time a new
event occurs such as energy crisis which may affect the conclusions reached.
The choice of siting new thermal and nuclear plants is studied as optimization
problem using linear programming. The points considered are costs of production,
transport and interaction with the environment down to the minimum.
8.4.1 Transmission Expansion Planning
For transmission expansion long term and medium- term studies are conducted. In
operational planning, the fundamental characteristics such as voltage level, substation
size, etc. are chosen. Once the future loads have been calculated for each area, it is
necessary to establish the size and location of the substations that will supply these loads.
For long-term studies, the network developments of many years with
characteristics that may be very different have to be compared.
Various computer programs are developed to solve the above type of system
planning problems (Ref.8.4).
8.5

Transmission System Planning
The major transmission requirements of a power system and their associated costs

are much influenced by the location of future generation capacity.
The object of transmission planning is to select the most desirable transmission network
for each of the generation expansion patterns under consideration. Both economics and
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reliability are considered in the problem. The application of a digital computer in
automated transmission planning allows the system planner to consider and investigate
many alternatives quickly. The ultimate selection of generation expansion plan is then
done by considering transmission as an integral part of the total costs.
A basic problem in transmission line planning is the determination of
transmission adequacy under the forced outage of various system components. A more
consistent approach to transmission planning would be to consider the reliability. The
investment in transmission improvement is made at the most desired locations in the
system, in terms of an acceptable risk level at the various loading points.
The adequacy of the transmission network is examined using conventional ac
load-flow methods. The network is first tested for adequacy under normal operating
conditions without considering any forced outages. New transmission facilities are added
to alleviate any unacceptable bus voltages and line or transformer overloads by separate
low-voltage logic and overload logic. The economic generation schedule should be
included in the examination of transmission system adequacy under both the peak-load
and off-load conditions. Reliability evaluation is done by a selected approach and new
facilitates are added to alleviate any unacceptable bus risk levels. Automated
transmission planning is shown in the flow diagram in Fig 8.2.
The transmission system planned to satisfy the bus voltages and line loading
under normal operating conditions may be adequate only if high risk levels are
acceptable. The cost of transmission improvements increases as higher reliability levels
are expected. The use of quantitative reliability criterion facilitates optimum utilization of
the investments in transmission improvements. A fixed contingency criteria without
using probability values can result in higher investment than required at some locations,
if a lower reliability can be tolerated at these points. The planner should decide the
acceptable risk level at each load point in the system. Th utilization of individual load
point reliability indices permits the planning engineer to include the cost of maintaining
these levels in alternative planning schemes.
8.6

DISTRIBUTION SYSTEM PLANNING

Since the system variables are quite complex, it is necessary to make a thorough analysis
while planning distribution systems. The problems to be studied in the total system
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environment for the purpose are (I) selection of most economical combination of
subtransmission and distribution voltage levels, (ii) determination of the economical sizes
of substations, and (iii) comparison of different methods of regulating voltage. Some of
the important factors that should be considered are the actual geographical distribution of
loads, configuration of the existing system, step-by-step expansion of the distribution
system with time, and load growth and comparative reliability of the various
arrangements.
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Start
Read initial
data
Read genrating capacity additions, forecast
Peak load and proplanned construction for the year

Find economic generation
schedule
Perform load-flow
analysis
Area the bus voltage satisfactory?
Select the bus with maximum percent below the desired voltage and
alleviate the condition. Perform load-flow analysis

Any over loads on lines or transformers?

Select line or transformer with maximum percent overload
and alleviate the condition. Perform load- flow analysis

Any other load levels or generation schedules
to be considered for planning?
Read a generation schedule or an off-peak load level. Plan the
transmission system for normal operating conditions

Perform reliability
evaluation
Any bus risk levels higher than the
acceptable maximum values?
Select the bus with max percent above the acceptable risk level and
alleviate the condition. Perform reliability evaluation

Find the annual cost of expansion
and its present worth

The design of one portion of the distribution system is closely related to the design of
Is the planning period complete?

other parts of the system, e.g. if the change in the
Yesprimary distribution voltage level is to
Stop
Fig. 8.2 flow diagram of the transmission planning program
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be studied, it is necessary to study the effects of subtransmission

voltage levels.

Substation arrangements, their capacities and locations, short-circuit duties and the
reliability of the resulting

system. If the methods of regulating voltages are being

considered, methods of supplying reactive power, effect of reactive power flow on loads
as well as voltages, layout of primary distribution feeders and the design of distribution
transformer-secondary combination should be studied.
Fig 8.3 shows a simple block diagram of a distribution-system planning model.
Input
1

2

Proposals to be
analysed
Historical
Description
load data,
3
4
of
land use and
existing
Various System
population
designs
distribution
types
forecasts
and
system.
of new
policies
loads

5

6

Load forecast
sub model

Distribution system expansion
sub model

7 Reliability sub
model

8

Output
a) Description of expanded system
It is advantageous
to study the gradual, step-by-step expansion plan for the system
b) Cost of expansion
c) Reliability
indices
with time rather
than a series
of static systems for different load levels. The static model
determines the total investment at selected load levels but not the incremental investment
Fig. 8.3 Block diagram of distribution-system planning
every
year. The timing of investment is as important as the total investment. When
model
comparing plans, it is good to work out the present worth of annul investments to
determine the final choice.
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The area of the distribution system to be studied is divided into basic load areas
which are bounded by coordinates of suitable size. The unit area selected may be about
1/40km2 and latitudes and longitudes may be noted for geographical location. Figure
8.4(a) shows a primary distribution feeder and the feeder load area represented by a
group of connected basic load areas. Fig 8.4(a) shows a group of basic load areas. The
total load in each load area is assumed to be located at the centre of the area and the
dashed lines connecting the centres indicate approximate arrangements of loads on the
mains. If load relief is required, these basic load areas are transferred to different feeders
and substations as may be necessary.

No load
Substation

(b)
(a)

(a) Representation of typical distribution
feeder by a group of basic load area

Fig 8.4(a) Typical distribution
Feeder and mains
Load submodel: The function of the load submodel is to estimate the magnitude
and shape of the load curves for real and reactive power supplied to each basic load area
on certain critical days. The system expansion submodel prepares plans and estimates
costs for expanding the existing distribution system as is necessary to provide capacity
for loads forecast by the load submodel.
Distribution substation relief: The most economical relief measures sare
selected for the overloaded distribution substations.
These are as follows:
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1.

Capacitors are added if this will correct the overload keeping in mind that
the specified maximum power factor should not be exceeded.

2.

Load transfers to the specified adjacent substations are made, provided
that the transfer relieves the overloaded substation for at least two years
without overloading the adjacent stations.

Substation expansion or new substations are required if relief is not provided by
capacitors or load transfers. The approximate unit cost of load in the area from
this new substation are compared with the cost of supplying the same load from
the nearby existing substations which might be expanded. The plan with lower
costs is selected.
Reliability submodel: The function of this model is to calculate some quantitative
measures of the continuity of service provided by the system expansion submodel. The
calculated indices for each plan can be compared with the values for the existing system
from its history. If the calculated indices for as particular plan are below desirable values,
the design standards in the input data must be changed to improve the reliability.
The planning studies using automated planning techniques require a large amount
of data. Accumulation of data is time consuming but economies resulting form the studies
utilizing this data justifies the efforts in the collection of data. This data is also useful in
solving other problems in the system, e.g. distribution transformer load management,
feeder voltage drop and load calculations, etc.
8.7 Reliability of electrical power systems
A power system is composed of components arranged in a configuration so as to carry
electric power from the source of generation to loads. As time passed, components fail
and are repaired. Each combination of failed and operating components defines a system
state. Certain states cause power flow to a specified load to be interrupted depending on
the system configuration. These states are system failures, all other states are system
successes. The reliability of the system is the probability that the system will be in a
sequence of success combinations for a given period of time. Reliability is expressed as a
probability function, with time of an average time between failures m and an average
repair time r.
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Component failures occur randomly in time. A typical component history would
be a series of operation periods of duration t separated by the periods of failure lasting

FAILURES

time r. this is shown in fig 8.5.

T2

T1
t1

t2

Tn
tn

tn+1

TIME
Fig. 8.5 typical component of operation
period (t) and failure intervals (T).
Observe the operating periods over a long time and fine average duration m. thus
m is the man time between failures. The reciprocal of m is the average rate of failure A. if
the duration of each outage is observed and average, a constant average outage time r is
found out. The reciprocal of r is the average rate of repair 

.

A plot of the failure rate…. Versus component age is called the life characteristic.
This is shown in fig. 8.6.
Initial
failures

Chance failures

Wear out
failures

AGE
Fig 8.6 Life characteristics of a component
It is seen from the figure that when the component is new it has a high but
decreasing rate of failure due to errors in manufacturing and structurally defective parts.
When the component operates as per design, the failure rate is relatively small. Lastly,
when the component starts wearing out, the failure rate begins to rise.
8.8 Methods of measuring power system reliability
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some measures of reliability which are of interest are …. = average number of service
interruptions per consumer served per year; …. = average customer restoration time; ….=
average total interruption time per customer served per year.

Formula


Number of customer int rruption per year
Number of customes served



Number of customer int rruption hours during year
Number of customes served

F 

R 


PI 

Number of customer int rruption hours during year
Number of customes served

Power systems are composed of groups of elements or components that act in
series or parallel or both with each other to carry power from the generation source to the
load buses. In case of series link, the failure of any component will result in an outage of
the system link and the series link will be out of service until the failed component is
repaired or replaced. In a system link composed of two or more parallel components are
out of service. A power system exposed to weather is subjected to fluctuating
environment. The environment may fluctuate between normal and severe state as a
random process.
The data required in power system reliability calculations are: (I) component
failure and maintenance outage rates, and (ii) distribution of component repair times.
It is generally assumed that periods between failure, and repair times are
exponentially distributed during normal and stormy weather are exponentially
distributed; maintenance down times are exponentially distributed. The probability
methods permit important measures of reliability in power system networks to be
calculated from basic system component data (Ref 8.3).
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In system planning, the reliability of the proposed alternative systems should be
compared to find out the system which yields the highest reliability or a designed level of
reliability at the lowest cost.
8.9

Trends in power system planning in India

The main points which may be mentioned in the trends in planning power systems are: (i)
Transmission line capacities and selection of conductors,
(ii) Consideration of 400kv system and advantages of EHVAC versus HVDC,
(iii) National power grid for India, and (iv) load dispatching stations.

8.9.1 Transmission Lines: selection of conductors and capacity of lines
The selection of conductor sizes broadly depends on the following factors:
1.

Power loss: This loss depends on the cross-section area

2.

Radio interference and corona loss: These depends on the surface
voltage gradient.

Transmission lines design for voltages higher than 220kv use a bundle of two or
three conductors per phase. For economic selection of conductors, it is essential to know
the tolerable radio interference and corona levels of the lines.
The cost of transmission lines may be subdivided as follows:
1.

Cost of conductors and ground wires.

2.

Cost of insulators and hardware.

3.

Cost of terminal equipment and reactive power corrective measures

4.

Cot of transmission towers and fittings.

5.

Erection and transportation.

6.

Establishment, taxes, excise duty, etc.

The life of transmission lines is taken as 30years. Annual charges of both IR and
corona loss are capitalised over 30 years and its present worth found out. This is added
to the capital cost of the conductors. The conductor power capability is assumed
corresponding to its surge impedance loading. The conductor with the minimum cost of
transmitted power is selected as economic size of conductor for that particular voltage,
distance and system operating conditions.
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The transmission capacities and distance generally applicable to 66kv, 132kv,
220kv and 400kv lines in the country are given in table 8.
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Table 8.2
Voltage and
number of
circuits

Capacity,
MW

Distance, km

400KV S/C
500-600
500-600
220KV D/C
240-300
200-250
220KV D/C
120-150
200-250
132KV D/C
80-100
100-120
132KV D/C
40-50
100-120
66 KV D/C
20-25
50-60
66KV S/C
10-13
50-60
S/C Single circuit; D/C Double circuit.

Total
aluminum
area, mm2
2 X 528.5
2 X 429.1
429.1
2 X 211.7
211.7
2 X 105.2
105.2

SCA conductor
size in mm2
(copper
equivalent)
2 X 325
260
260
130
65
65

In rural electrification, REC has standardized the use of ACSR conductors of
sizes 13,20 and 30mm2 equivalent copper for 11kv feeder lines.
For increased load requirements as well as long circuit km it is proposed to
construct 400kv lines for high- voltage power transmission. Some lines have already
been constructed and there will be more expansion in the next five years plan. Koradito-Bhysawal-to- Kalwa lines of 400kv will join Nagpur to Bombay. The conductor data
for these lines of Maharashtra State Electricity Board Is:
Length (i) Koradi-Bhusawal (km) 341
(ii) Bhusawal-Kalwa(km) 417
No. of circuits

two single-circuit lines (stages I and II)

Total No, of circuits

3 (stage II one more S/C).

Conductor per phase

subconductor spacing
phase-to-phase spacing

Twin (ie. 2 subconductors) (“Moose” conductor). 2
x 325 mm2 ACSR (copper equivalent) 54.3.53 +
7/3.53)
450mm
11.3metres

(horizontal)
no. of earth wires load MW: 2(7/9 S.W.G.G.I. wire)
I stage (2circuits)

750

II stage (series compensation 60%) 1000
III stage (third circuit with series compensation) 2000
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Voltage gradient:

16.7kv/cm for centre phase
15.6kv/cm for outer phase

lightning trip outs: 0.5 per 100km per year
shielding angle of G.W.: 200 for outer phase; 400 for centre phase.
Basic insulation level: 1425 kv
Number of insulator discs: 24 for tension string; 22 for suspension string.
When the loads increase still more in the next 15years, it may be necessary to go
in for UHV ac transmission at 750 kv or use HVDC transmission. EHV, UHV and
HVDC line considerations and problems involved have been discussed in previous
chapters in the book. A comparative economic study for the final selection of UHV ac of
750kv or 400kv HVDC or higher dc voltages, requires to be done before arriving at an
optimum transmission scheme.
By the end of the fifth five year plan, the capacity of the power systems in India
was about 34000 MW. At present there are five regional grid systems. These have to be
integrated into the national grid and the generating stations and the load centres should
be properly planned to effect optimum utilization of the resources. So far, the
transmission grids have been planned to meet the needs of the individual states. A state
having power shortage cannot derive assistance from neighbouring states having surplus
power due to weak interconnections. As a consequence, priority industries in deficit
states face substantial power restrictions while non-essential industries in deficit states
face substantial power restrictions while non-essential loads are supplied in the
neighbouring surplus states. There is, therefor, immediate need to remove difficulties of
power transfer within the regions by integrated grid.
The western and Eastern systems are predominantly thermal and cannot make
effective use of their thermal capacity during off-peak periods, while the Northern and
Southern regions have substantial hydro- capacity and suffer from energy shortages due
to recurring problems of periodic lean monsoons of low-thermal availability. These
conditions have indicated the need and economic necessity for strong inter-region ties
which will integrate the regional grids and pave the way for national grid. The position of
thermal and hydro-installed capacity for 1978/79 is given in Table 8.3.
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It is seen that the thermal plants will be required to operate at a plant factor of
only 532%; the utilization factor is only about 4550kw h per kw of installed capacity.
With adequate maintenance and coordination of plant outages, and allowing for force
outages, it will be possible to achieve a load factor of 85% on large advanced thermal
units, and an average plant factor of 68.5% for all high efficiency thermal plants. This
would give generation of at least 6000kw h per kw installed capacity.
The national grid will enable hydo-thermal optimisation on a national basis.
Operation in national grid will achieve economic loading of large thermal units and raise
the load factors of the stations. Even a 1% increase in load factor of thermal units will
correspond in 1983-84 to an additional annual generation of 3200 GW h, corresponding
to the capacity of about operate at about 60% load factor. The present hydro stations are
planned to operate at about 60% load factor. They can be economically expanded to serve
as large- size peaking stations for operation at 30% load factor.
The grid should permit emergency power transfer from one region to another with
adequate margin of stability.1`
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Table 8.3

installed capacity in 1978-79 and energy requirement for regional

grids
Details

Northern

Western

Southern

Eastern

6484

3150

5829

All India except
(Northeastern)
20054

20.89

33.18

14.51

23.13

91.71

52

58

53

45

52

4954

2344

5581

1065

13944

18.09

5.88

20.46

3.06

47.47

41

28.5

41

32

39

Thermal installed 4591
capacity(MW)
Energy
requirements
from thermal
plants (billion
KWh)

Average plant
factor % thermal
Hydro insalled
capacity (MW)
Energy from
hydro plants
(billion KW h)
Average
hydroplant factor

Common design and reliability criteria should be adopted by the states so that the
lines can be interconnected later on, without difficulty, to form regional grids and
ultimately a national power gird. These criteria are BILs (Basic Insulation Levels),
ultimate short-circuit levels; vector groups and range of voltage variations, reactive
compensation, switching surge control, transformer sizes and impedance, reclosure
procedure; protection including fault clearing times, etc. for selection of suitable
insulation levels, in the station or system, a definite common level for all the insulation in
the station is selected and the insulation level of all apparatus is brought to or above this
level.
The present forced and maintenance outage rate in Indian systems for 220kv lines
is about 0.6 outages/100km/year. For 400kv systems, for higher reliability the outage rate
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should be limited to 0.15/100km/year. This would require considerable refinements in
maintenance practices such as an extensive use of live-line maintenance, hot-line washing
equipment, infrared hot-spot detection devices, etc.
As far as possible, during normal operating conditions, reactive power should not
be transported in bulk over EHV lines. Optimum compensation in the form of shunt
reactors are required in view of heavy charging MVA for these lines. In 1983-84,
capacity will reach 60.000MVA in all India and the short-circuit levels will reach critical
limits of 20.000 MVA (30KA) for 400KV ac grid. To restrict the fault levels within
limits, it would be necessary to use HVDC in selected areas.
A modern load dispatching station requires the facilities of reliable
communication, telemetering, tele control, and computers in stages to reach the ultimate
stage of development-preliminary stage, manual stage and automatic stages.
Communication system: The communication system should not only be reliable
but also flexible to permit future conditions of the requirements of the equipment to be
provided. In Indian power system development, it is proposed to install microwave
communication system. P& T system will be limited to those channels provided for back
communication system.
Telemetering system: Telemetering information is the most important basis for
load flow calculations, load-frequency control, and system security monitoring at the load
dispatch stations. The telemetering equipment should be standardized and carfully
chosen. For the telemetering arrangement, the information obtained at each load dispatch
station should be (i) digital type,
(ii) transmitted in words,
(iii) provided with security against interference in the communication channel,
(iv) provided with security against internal faults of the equipment, and
(v) suitable to be fed to the computer interface. The equipment should not mismatch
when computers are installed in future.
Control system: Load-frequency controllers should be installed at the state load despatch
stations to control the state grids independently. The region may be controlled on multiarea concept with as many control areas as the region consists of. Later on, when
sufficient tie lines are provided for various systems in the region, the region could be
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operated as a single area by installing a regional controller at the regional load despatch
station.
Computer system: it is necessary to install on-line computers. At the state level, the
functions to be performed are to communicate directly with network variables. This is to
be done frequently.
Load despatch station should be installed in the country with a three level
hierarchy. State load despatch stations, regional load despatch stations and national load
despatch station for achieving integrated operation of the power systems in the country.
The main functions of a national load despatch station could be (i) to coordinate
the activities of the various regional load despatch stations to achieve the integrated
operation of all India grid,
(ii) to coordinate and monitor the operation of the major hydro-nuclear and super-thermal
stations in the country,
(iii) to coordinate and monitor the operation of all 400KV and above transmission lines,
and inter-regional lines of 220KV and above,
(iv) constantly monitor the security of the all India grid, and
(v) To arrange exchanges of power between regions as required to avoid shedding of
power in one region and surplus in the other.
The function of the regional load despatch stations and the state load despatch
stations are similar to those above except that they are restricted to the regions and the
states respectively. If in emergency, national load despatch station gets out of operation,
all regional load dispatch stations will act s back-up to the national load dispatch station
and control their respective regions. Similarly, if the regional load despatch stations are
out, the state load despatch stations continue to control their grids independently. Their
function will include direct operation and control of t he state networks.
At the regional level, the functions of the computer would involve receiving
information from the state computers, coordinating then and feeding the results to the
national load despatch station. The optimization carried out at the regional level in
accordance with the direction of national load despatch station would be transmitted to
state load despatch station for implementation.
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13.1

13.2

Discuss the various methods of power system planning with reference to:
(i)

Load forecasting

(ii)

Generation planning

(iii)

Transmission line expansion planning

Explain the methods of transmission system planning. Indicate flow diagram for
computer program.

13.3

State methods of distribution system planning with the help of computers.

13.4

Explain the importance of planning power systems with reliability consideration.
What is meant by component reliability and power system reliability? How is the
reliability measured?

Describe the trends in power system planning in India with reference to (i) load forecasts,
(ii) transmission line capacities, (iii) 400 kV transmission, (iv) EHV, UHV and HVDC
transmission, and (v) load dispatching stations and their requirements.
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CHAPTER NINE
ELECT POWER SYSTEM
PROBLEMS
1. A 3 –Ø, star-connected generator has a sub-transient reactance of 0.15 p.u and is
rated at 30MVA, 13.8KV, and is connected to delta-star transformer bank made up of
3-single –phase units, each unit rated at 10MVA 13.2/66.4KV and having an
impedance of 0.005 + j0.077 P.U. this combination supplies 40KM of transmission
line of impedance 0.2 + j0.8 /KM.
The load consist of an impedance of 10mw at 0.7 P.F. lagging and a synchronous
motor rated 25MVA, 6.6KV with a sub-transient reactance of 0.25 P.U. The total
load is supplies from a star – delta, step down transformer bank consisting of 3 single
–phase units, each unit being rated at 3.33MVA, 110/3.98KV, and having an
impedance of 0.008 + j0.08 p.u.
Determine: the current in the transmission line and the voltages at its terminals,
when 10MW at unity P.F. is being delivered to the synchronous motor and the load
voltage is 6.6KV.
Note: choose 25MVA and 6.6KV line voltage in the motor circuit as base
qualities.
2.

Enumerate two advantages of analyzing asymmetrical faults by the method of
symmetrical components. Show that a line ground fault a phase ‘a’ can be
represented by a series equivalent circuit.
A solidly earthed synchronous machines a generating IP.U. voltage is connected
through a star-star transformers, reactance 0.12 P.U. to two lines in parallel. The
other ends of the line are connected through a star-star transformer of reactance
0.1 P.U. to a second machine B also generating IP.U. voltage. For both
transformers x1 = xo = xo, and all the star prints are solidly earthed. Find the P.U.
fault current due to single line-ground fault at mid-point of one of the lines, when
the other line is disconnected.
The relevant P.U reactances of the plant all refer to the same base are as follow.
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A.

x1 = 0.3, x2 = 0.2, x0 =0.05

B.

x1 = 0.25, x2 = 0.15, x0 =0.03

C.

for each line x1 = x2 = 0.3, x0 =0.07

1ST SEMESTER EXAM 1989/90
QUESTION ONE
a.

Sketch a typical power system outline showing principal components, and
indicate voltage levels which represent those at which the N.E.P.A Nigeria
operates.

b.

How would you differentiate between distribution and transmission network?

c.

What is meant by “Regulation of Transmission lineS”

d.

A medium length single-phase, 50HZ transmission line has the following

constants
Resistance 25 , capacitance 1.4µF
Inductance 200mH
Calculate the sending end voltage, current and power factor when the load at the
receiving end is 273A at 76.2KV and a power factor of 0.8. lag.
Question two
a.

List 3 advantages of working in per unit system in the solution of electrical power
networks.

b.

A generator supplies a load of 50mw at 0.8 P.F. And 30KV via a transmission line
and a pair of transformers. The following additional information is given -

i.

Transmission line reactance of 100

ii

50MVA, 11/132KV rated transformer with name plate reactance of 0.1 P.U. The
second transformer is rated 50MVA, 132/33KV, 0.12 P.U. reactance.

iii.

Choose a base MVA = 50.

a.

Draw one-line reactance diagram

b.

Calculate the per unit quantities.

c.

Calculate the alternator source voltage
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c.

A transmission line supplying a purely resistive load of 500 at 210KV is fed by
an alternator through a step – up transformer. The following additional
information is given -

transformer: 50MVA, 15KV/220KV name plate reactance of 0.1 P.U.
alternator: 75MVA, 15KV, name plate reactance of 0.75 P.U.
Choose a base MVA of 100 and calculate the alternator source voltage
(Solution see Example: 1.2)
Question 3
a.

Enumerate the essential functions of protective schemes in Electrical Power
System.

b.

Fig. Q.3 depitch a doubly in fed system with double – circuit transmission lines
between buses A,B & C. The positive sequence values are indicated. Assuming E1
= E2 = 1.0 P.U., Calculate the impedance measured by distance relays installed on
each circuit at A and “60kg” towards B when a 3 -  fault occurs. (i) on one
circuit at a point 70% of the distance AB from A. (ii) on one circuit at a point
mid-way between B and C (iii) at Busbar C.

1.0

1.0

0.6

0.5
1.0
A

E1

1.0
B

C

E2

Fig. Q.3
Question 4
a.

Derive the common relationship between phase currents (and voltages) and their
symmetrical components for a 3 -  system subjected to unbalanced loading
expressed with reference to phase “A”. State reasons why the use of symmetrical
components is generally referred to that of phase quantities when solving
polyphase networks subjected to asymmetrical faults. Illustrate your answer by
reference to balanced rotating synchronous machine and overhead transmission
lines.
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b.

Show that the transformation from phase quantities to symmetrical components is
power variant.

c.

For a line-line fault on a 3 -  transmission line show that the symmetrical
component currents I2 = I1 and I0 = 0
A line –line short circuit occurs at the terminals of the star – connected h.v

winging of a 33/132 KV delta/star step-up transformer connected to a 33KV star
connected synchronous generator. The generator is excited to provide a positive sequence
negative sequence and zero sequence reactance of 0.6, 0.2 and 0.1 P.U. Calculate the P.U.
Current flowing in each of the transformer secondary winding.
Question 5
a.

Enumerate the imperatives of undertaking a load flow study when designing a
power network or extending an existing one.

b.

Formulate the load flow problem and hence derive the Gauss seidal iterative steps
suitable for digital computation. Why are iterative technique used for load flows
studies.

c.

3 busbars, A,B,C are normally interconnected by means of a mesh comprising
feeder AB and transformer feeders BC and AC, when, however, AC is
disconnected due to a fault, the circuit reduces to that shown in fig. Q. 5 with the
transformer tap t = 0.11 P.U. the short circuit driving point and transfer
admittances of the network are incorporated in the equations;

j 3.333
0
 VA 
 I A   j 3.333
 I    j 3.333  j 6.667
j 3.0  VB 
 B 
 I C   0
 j 3.0  j 2.705 VC 

Set up the equations pertaining to tap t = 0.11 P.U. and solve for VB and Vc in that order
for two iterations, taking initial conditions
VB = VC = VA = 1.0 + J0. Also, take
SB = 0 – j0.23 P.U. and SC = 0 – j0.22 P.U.

A

1 : (1 + t)
VA
j0.2

j0.1
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VB

VC

C

B

Fig 0.5

Question 6
A classical system for the assessment of stability is given in fig. Q 6.1. present
appropriate equivalent circuit for the pre-fault, and post- fault conditions, in each cash
show relevant power transfer equation and hence provide the power – angle curves.
Derive mathematical expression for the energy gained during acceleration of rotor angle
returned during de-acceleration.
b.

A, 3 – Q fault is applied on one end of a line near breaker CB, as shown in fig.

6.2. Find the critical clearing angle for clearing the fault with the simultaneous opening of
CB1 and CB2
The generator is delivering 1.0 P.U. mega watts at the instant preceding the fault Assume
that synchronous and transient quantities are the same.
Pm

D
Pc
Infinite
busbar
Ed
E’d
Xd X’d

C
3 -  short circuit

CB3

j 0.5

CB4
j 0.07

j 0.23
CB1
E= 1.25 P.U

j 0.6
CB2

Infinite
busbar

V = 10

Fig. Q6.2
1900/1991 EXAMINATION QUESTION
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Question one
1.

(a)

How would you differentiate between distribution and transmission

networks.
(b)

Explain the terms ‘steady state stability’, “Transient stability”, and “dynamic
stability” as applied to a large interconnected system.

(c)

From the simple power system consisting of two active elements given in Fig.
Q.1. Show that –

(i)

For a loss less line, active power transfer is given by
VV
P  A B sin 
X
where, X = transfer reactance between the active element.
(ii)

For  = /2, the reactance power flow Q is given by

(d)

V
Q A
What X
is the steady state stability of the line of VA; VB and X are 1.10, 1.0, and 0.9

2

P.U. respectively.
I
VA/dA

Z

VA/dA

Fig. Q.1

Give a list of 4 generator and consumers of reactive power.

(2)

Explain the concept of symmetrical components as applied to

(a)

asymmetrical fault analysis in power system, and hence, show that by using symmetrical
components –
(i)

The effects of mutuals are eliminated in transmission lines.

(ii)

The power in phase quantities is thrice the power in terms of symmetrical
components.

(b)

For a line-line fault on a 3 -  transmission line, show that the symmetrical
component current I2 = - I1 and I0 = 0, where the subscripts 0,1, and 2 been the
zero, positive and negative phase sequence respectively. (solution see text)

(c)

A line to line short circuit occurs at the terminals of the star-connected h.v.
winding of a 33/132kv delta / star step-up transformer connected to a 33kv star
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connected synchronous generator. The generator is excited to provide a positive
sequence voltage of I.O.P.U. and has positive negative, and zero sequence
reactance of 0.6, 0.2 and 0.1 P.U. respectively. The sequence reactance of 0.1
P.U. calculate the P.U. currents flowing in each phase of the transformer
secondary winding. (Q4c 1979/90)
QUESTION
(3)

(a) A 3 -  synchronous motor, is supplied from a 132kv infinite busbar via a
short h.v. transmission line and step-down transformer. The synchronous motor is
excited such that it operates at rated terminal voltage of 11kv whilst absorbing
25mw from the system, determine the reactive power flow at the machine
terminals and the voltage behind synchronous reactance of the machine system
data are as follows:

synchronous motor: 30MVA, 11KV, 0.6 P.U. reactance
Transformer line: 0 + j48 ohm/phase. 36 MVA, 11.55/132KV, 0.1P.U.
Transmission line; 0+j48 ohm/phase
Choose base voltage of 11KV in the motor circuit and base MVA of 30.
(b)

Assuming that the mechanical loading of the synchronous machine remains
constant, what would be the effect of machine power factor of

(i)

Increasing the machines excitation

(ii)

Reducing the transformer L.V. winding turns.

QUESTION
4.

(a) Enumerate the essential functions of protective schemes in Electrical Power
Systems.

(b)

Fig Q. 4. Depicts a doubly – fed system with double circuit transmission lines
between buses A,B & C.
The positive sequence reactance values are as indicated. Assuming E1 = E1 = 1.0

P.U, Calculate the impedance measured by distance relay installed on each circuit at A
and “looking “towards B where a 3 -  fault occurs.
i.

On one circuit at a point 30% of the distance AB from A

ii.

On one circuit at a point mid-way between B & C

iii.

At busbar C.
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0.1

0.1

0.6

0.5
0.1

E1 = 1.0

A

0.1
B

E2 = 1.0

C

Question 5
5.

(a)

A classical system for the assessment of stability id given in fig Q 5.1

i.

Present appropriate equivalent circuit for pre fault, fault, and post fault conditions.
In each case show relevant power transfer equation And hence illustrate the power
– angle curves.

ii.

By applying the Equal – Area concept, derive mathematical expressions for the
energy gained during acceleration of rotor angle, and energy returned during deacceleration, in the event of a 3 -  short circuit shown in fig. Q. 5.1

b.

A 3 -  fault is applied on one end of a line near breaker CB, as shown in fig. Q.
Find the critical clearing angle for clearing the fault with the simultaneous opening of

CB, and CB2. The generator is delivering 1.0 P.U. mega watts at the instant preceeding
the fault. Assume that synchronous and transient quantities are the same.
CB3

Pm

CB4

Pc
Infinite
busbar

Fig Q 5.1

Ed
E’d
Xd X’d
CB3

C
3 -  short circuit
j 0.5
CB4
j 0.07

j 0.23
CB1

j 0.6
CB2

Infinite
busbar

Fig. Q5.2

-

I1 = - j 0.8675
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-

I2 = - j 0.2683

-

I, = - j – 0.588

QUESTION SIX
(a)(i) Why is load flow study necessary.
(ii)

Differentiate between the slack, generator, and load busbars.

(iii)

Formulate the load flow problem and hence, show that the voltage at the kth bus
can be represented as

VK 

1
YKK

 PK  J QK i  n

  YKiVi  for i  k

*
i 1
 VK


(iv)

Why are iterative techniques used for load flow studies.

(b)

Fig. Q.6 shows a double circuit transmission system having transformer and

transmission in series in each circuit, but with (in – phase) tap change facilities in one
circuit only. The combination of line reactance and transformer leakage reactance is
equivalent to 0.4 P.U. in each circuit and, with a tap setting t = -0.1, the relationship
between node voltage and injected and injected between node voltage and injected
currents for the system is given by:

 I A   j5.5864 j 5.2778 
 I    j 5.2778  j5.000

 B 

VA 
V 
 B

Busbar A is maintained at 1 + j 0. P.U. voltage and the complex power requirement of
the load at busbar B corresponds to 1.0 P.U. at unity power factor. Use Gauss – seidel
iterative method to calculate the voltage of busbar B. Commence with a value for VB = 1
j 0 P.U. and continue for two iterations.
1.1
30 MVA
25MV
11KV

36MVA
12.1/132KV
0.10 P.U.

X = 0.4
0 + j 48

132KV

A
IB

IA

VB
(1 + t) : 1
t = -0.1

Fig Q.6
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Solution
Question 1
Transmission line base voltage


132
11KV  120 KV
12.1

Transformer P.U. impedance
2

30  12.1 

  j 0.1008
36  11 

 0.1 

Base transmission line impedance
1202
Vb2


 480
30
M base

 TL P.U. = j 48/48

= j 0.1

and
Vb P.U

132
 1. 1
120

Vin = 11/11 = 1P.U.
Equivalent circuit
I

j 0.008

j 0.1

VB =10

VB =1.10

Now power transferred P.U. = 25/30 = 0.833
But P 

VM VB sin 
X

 0.833 

1  1.1
sin 
1.2008

 = 8.746

Thus with Vin = 1.00 ref
Vb = 1.18.7460
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And power at motor terminal
= Vin I*
But

I 

Vb  Vin 1.18.746  10

j 0.2008
j 0.2008

= 0.9377-27.52
= 0.833 – j0.433


I* = 0.833 + j0.433 (conjugate)



Actual power = 30 (0.833 + j0.433)
=



25 + j13

Reactive power flow at motor terminal
=

13MVAr

Note:
1.

Reducing the transformer L.V winding will reduce the reactive power absorbed
and hence raise the P.F.

2.

Increasing the machine excitation will raise the machine power factor

Solution
IS
Vb

I

R

I2

XL

IR
I1

YC/ 2

YC/ 2

VR

VR = 76.2KV
Pf = 0.8
I = 273A
Series Z

= R + jwL

= 25 + j (100 x 200 x 10-3)
shunt Admittance
YC = jwc
= 0.44 x 10-3 900
VR

= 76.2 00 KV ref
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IR

= 273 -cos-1 0.8 A

= 218.4 - j 163.8A
I = IR + I1
But I1 = VR Vc/2 = j 16.8A
 1 = 218.4 – j 163.8A + j 16.8A
= 263.26 -340
IZ = (14.65 + j 10.1) KV
VS = VR + IZ = 91.4 6.3KV
I2 = VS

YC/2 = -2.22 + j20A

IS = I + I2 = 251 -300.25 A
Qs = arg VS – arg IS
= 360 45’
P.F = cos 360 45’ = 0.801 lag.
1
j 0.2

j 0.2
j 0.09

A

3

2

B

Y11 Y12 Y13 
 Y11 Y22 Y23 
Y31 Y32 Y33 

 j 0.2  j 0.2 
 I C   j 0.4
 I    j 0.2
j 0.29  j 0.09
 a 
 I b   j 0.2  j 0.09
j 0.29 

VC 
V 
 A
VB 

VA = , Ia = - j0.2 VC + j 0.29 VA – j0.09 VB

VA 

1  PA  jQA 


j 0.29  VA
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1

j 1.0

A
j 1.1

B
j 1.0

0
0 
VC  0
V   0
j 2.2  j 2.2
 A 
VB  0  j 2.2
j 2.2 

 Ic 
I 
 a
 I b 

SOLUTIONS TO SELECTED 1990/1991 EXAMINATION QUESTION
Question 1a
DISTINCTION BETWEEN TRANSMISSION AND DISTRIBUTION
DIRECTION OF POWER FLOW
(a)

Direction of Power Flow

i.

Power flow is reversible in transmission network

ii.

Unidirection in distribution

(b)

Voltage – Levels

i.

Voltage levels in transmission are high than those of distribution.

1.

Steady State Stability
Is the ability to retain synchronism when a system is subjected to small

disturbances.

Question 1b 1990/91 Question
2.

Transient Stability: Large disturbance

3.

Dynamic Stability – regulators and governors actions taken into account.

2.

List 5 methods in the control of a transmission line.

1.

Series capacities

2.

Shunt reactors

3.

Synchronous reactors

4.

Transformer tap changing
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5.

Booster transformer

3.

State two reasons for asymmetric component

1.

Elimination of mutual interrative effects

2.

Each components set can be treated on single – phase basis

DRAW BACK OF EQUALAREA CRITERION
1.
It is comberson to use the equal area criterion of some multimachine problems.
ASSUMPTION ON MULTI – M/C SWING CURVES CALL
1.
Accelerating power over an interval is assumed constant and equal to average
value from middle of previous to middle of next interval
2.

Angular velocity is constant over interval and is computed for the middle of the
interval.

GUASS – SEIDEL

 I A   j5.5864 j5.2778  VA 
 I    j5.2778  j5.000 V 
  B
 B 
For VB = 1 + j0. P.U. for two iteration.
Bus A is maintained at 1 + j 0. P.U V
Bus B 1.0 P.U at 1 P.F.

Y = 0.4
I1
VA

Y = 0.4

Ib

VB

(1 + t):1
t = -0.1

Solution
VB1  




1   PB  jQ 
  j 5.2778 VA 


j 5   VB 



1    1  0 
 
  j5.2778 VA 
j5   1.0 
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Note:- Power is considered negative when received from (1)
V1B = 1.0556 – j 0.2
Hence
VB1  



1 
1
 
  j 5.2778 

j 5   1.0556  j 0.2 


= 1.0207 – j0.18288 = 1.036 - 10
B

j 0.4

I1
10

1.0369-10.157

1  1.0369  10.157
j 0.4
I1 = 0.4572 + j0.05175

 I1 

power flow at end A – VAI*
= 0.4572 – j0.05175
at end B = VBI1*
- 10.157 x 0.4769 - -16.657

= 1.0369

= 0.4568 – j0.1366
Shunt reaction con time
80mw
j 75.6/phase

I1

(80 + j60MVA)
I2

275KV

275/33KV
120MVA
0.12 P.U

With a base of 100 MVA
Transmission line base impedance


2752
ohm  756.25
100
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 Z L P.U 

j 75.6
 j 0.1
756.25

Transformer P.U. impedance = j 0.12 x 100
120
= j 0.1
with infinite busbar loaded at unity power factor, 80mw (0.8 P.U) real power is present at
busbar.
EQUIVALENT CIRCUIT
j 0.1

j 0.1

VL

I1
I2

0.8 + j 0.6

IL

Synchronous capacitor
At infinite busbar
Vb I1* = 0.8 P.U. (MVA)
Vb I1* = 0.8 P.U. (MVA)
I1 = 0.8 P.U.
But VL = 1 0 – II j0.2
= 1.0127 P.U. = 33.42KV
Reactive power loss a transmission line
= 0.82 j 0.2 = j0.128P.U.
But load reactive power = j0.6 P.U.
Total = j0.128 + j0.6
=j 0.728

when the synchronous capacitor has been excited to

supply.


output of synchronous capacitor
= j 0.728 x 100
=72.8MVA Ar
TIE –LINE
I
VAA

Z

VB
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VA A  VBe LA

1989-90 SOLUTION
QUESTION 1.
(a)
11.4KV

Generator

11.4/330KV

Step – up transformer

330/132KV

Step – down transformer

132/33KV

Step – down transformer

33KV/11KV/415KV

Step – down transformer

Distribution
415V
(B) Distraction between distribution and transmission (see page 185)
c.

Regulation of a transmission line is the rise in voltage at the reveiving end
when the load is through off, the sending end voltage remaining constant.
% regulation = VRo – VR x 100%
VR

Where VR0 = Receiving end voltage when the load is thrown off
VR = Receiving end voltage
(d)
IS

I

R

I2
VS

YC/2

XL

3R
I1
YC/2

VR
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IS

=

Sending end current

VS

=

Sending end voltage

VR

=

Receiving end voltage

Z

=

r (cos + j sin)

Z

=

{252 + j (100 x 200 x 10-3)2}

Z

=

67.6 68010’

Series Z = R + jWL = R + j2FL;
Shunt Admittance
Yc = jwc = j(2 x 50 x 1.4 x 10-6) = (100 x 1.4 x 10-6)2
= 0.44 x 10-3 900
for lagging P.F, IR = 273 – cos-1 0.8
Representing this in rectangular form, we have
273 - 36.52’ = 273 (cos + jsin)
= 218.4 - j 163.8A
I

= IR + I1

But I1 = VR YC/2
= 76.2 x 103 x 0.22 x 10-3 90
= 0 + j 16.8A
I

= 218.4 – j 163.8 _ j16.8 = 218 – j147
= 263.26 -340

IZ = VZ = 263.23 -340 x 67.6 680 19’
Under no load condition, IR = 0 and I because I.
i.e
I1 

VS

 1 

jL L  2
 jCL 
New receiving end voltage

R 

= VS – I1ZL
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The rise in receiving – end voltage is due to partially resonant condition in the line the
voltage may be limited to normal value by adjusting end equipment to take a lagging
reactive current to equal I,
= 17.8 x 103 34.62V
= 914.65 + j 10.1) KV
sending end voltage;
VS = VR IZ
= (76.2 + j 0 + 14.65 + j 10.1)KV
= (90.85 + j 10.1) KV
= 91.4 63KV
I2 = I2 = VS YC/2 = 91.4 x 103 x 0.22 x 10-3 6.3 + 90
Where VR0 = Receiving end voltage when the load is through off.
VR = 20.1 96.3 = -2.21 + j20
I2 = hence sending current = I + I2
= -2.22 + j 20A
= 218.4 – j 147 + (2.22 + j20)
IS = 216.2 – j 127 = 251 - -300 25’
QS = arg VS – arg IS = 36.45’
Sending end P.F is
PF cos 31 = 451 P.U.
= 0.81 lagg.
Question 2(a) Advantage of per unit system (see chapter 1.3)
(b)

see example 1.2

75MVA
50MVA
15KV
15KV/220KV

X1 = 100

R

X5 = 0.75 P.U, Xt = 0.1 P.U. VR = 210KV
Zbase

V 2base 2202


 484
Sbase
100
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Z R P.U 
R P.U 

VR

actual

Vbase
R

X L1 P.U 

actual



210 KV
 0.955
220



500
 1.033 p.u
484

Z base
V actual

Z base



100
 0.2066 p.u
484

 KVgiven 

X a P.U  Zp.u ( give) x

 KV
 base new 
X t  0.1 x

2
 KVAbase new 
 15  100


x
 1 p.u
 0.75 x   
 KVAbase given 
15
75





2
100  220 

x
50  220 

= 0.2 P.U.
Va

1.0

2.0

0.2066
R = 1.033 P.U
V = 0.955 P.U

Va = I + v
But I  V / R 

0955
 0.924 P.U
1.033

Z = j (1 + 0.2 + 0.2066) = j 1.4066
 Va = 0.924 x j 1.4066 + 0.955 = 1.61 P.U.
Question 3.

(a) Essential Functions of Protective Schemes in Electric System
Power

i.

To prevent damage to apparatus

ii.

To main the continuity of supply

iii.

To minimize area shunt down under normal conditions
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iv.

To disconnect apparatus with a minimum of disturbance to system as a
whole.

j 1.0
1.0

0.6

B

A
j 0.8

1.0

j 0.5

j 0.5
C

j 0.2

Ir

Vr

Fig. 1

Impedance seen by relay at A = Vr/Ir
j 1.0

j 0.6

j 0.8

1.0
I1

I2

j 1.0

j 0.2

1.0
I3

Fig. 2
From fig 2
I = j1.4 I1 – j 0.8 I2

(1)

0 = j 0.8I2 + j 1.0 I2 + j 0.2 I2 – j 0.2 I3 – j 0.8 I1
= - j 0.8 I, + j 2I2 + j 0.2 I3

(2)

I = j 0.2 I2 + j 1.2 I3

(3)

From equation 1 to 3
I1 = - j 0.8675
I2 = - j 0.26813
Vr = 1 – j 0.6 I1 = 0.4795
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Ir = I1 – I2 = - j 0.8675 – (- j 026813)
= - j 0.5993
vr
0.4795

Hence Zr(1) = Z r ( i ) 
I r  j 0.5993
= j0.8 p.u
Ir(2) = I2 (only)
 Z r ( 2) 

0.4795
 j1.7883 p..u
 j 0.26813

1.0

j 1.0

j 0.5

j 0.6

1.0

j 0.5
I2

Vr
I1

j 0.5

Fig. 3

j 0.5

I3

j 1.611 – j 0.512

(4)

=

-j 0.511 + j 2.012 + j 0.513

(5)

=

j 0.512 + j 1.013

(6)

1

=

0
1

from equation (4) to (6)
I1 = j 0.58823



Vr = 1 – (j 0.6 x – j 0.58823) = 0.64706
0.64706
Impedance seen by one relay

 j 0.58823
= j 1.1

Seen by two relays = j 1.1 x 2 = j 2.2 P.U.
j 0.5

j 0.6

j 0.5

I
1.0

Vr

163

1



1
  j 0.625
j1.6

Vr = 1 – (j 0.6 x – j 0.625) = 0.625 P.U

Impedance seen by one relay = 0.625 / - j 0.625
=

j 1.0 P.U.

seen by the two relays = j 1 x 2 = j 2 P.U.
3

(a) A set of M unbalanced a.c quantities in an m – phase system may be resolved
in m sub-system of which m – 1 comprise balanced sets of differing phase sequence
of co – phase 1 quantities.
for the case of three phase system we
Synchronous Machine
Va
Ia

w
Vb

Vc

Ib

Ic
Z
Va 
V    X
 r
 b
X f
Vc 


Xf
Z
Xr

Xr 

Xf
Z 

Ia 
I 
 b
 I c 

substituting appropriately, we have

X  X f  Xr
0
0
V0 

V   
2
0
Z  a X f  aX r
0


 1
2


V2 


0
0
Z
aX
a
X
f
r

The zeros indicate the absence of mutual iterative effects.

I0 
I 
 1
 I 2 

Question (5a) Why Load Flow Study
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To ensure that:
1.

The proposed system is dynamically stable

2.

No transmission circuits are over loaded – even with some out of circuit

3.

The voltage of all busbars are within limit and the flow of reactive power in
the network is acceptable.

b.

The Load Flow Problem
V3 I3

V2 I2
I1
V1

I4 V4
All nodes interconnected
Ir

Im

Vm

In -1

Vr

Vn -1

Fig. 1. shows a general system in which each may be connected to every node
From fig 1, we have

I0 
 Y00
I 
 Y
 1
 10
I2 
 
 

 
Ir 
 Yr 0
 



I 
 Y
 n
 m

 Y01  Y02

 Y0 r

Y11


Y22

 Yr1





Y0 n 





  Ym 


Ynn 


V0 
V 
 1

 

Vr 
 

V 
 n

For a simple 3 – bus network. With node 1, 2, and 3 for which node 1 is specified as the
slack busbar, three equation may be ordered as follows:
Y12 Y13  V13 
V1 
 Y
V    Y
  
 2
 21 Y22 Y23  V23 
V3 
 Y31 Y32 Y33  V33 
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-----------------(2)

Since the current I1 and voltage V1 are specified equation (2) can be reduced to two
simultaneous equ. Thus.
I2 = -Y2 V1 + Y22 V2 – Y23 V3

(3)

I3 = -Y3, V1 – Y32 V2 + Y33 V3

(4)

But
S2 = V2I*2 = P2 + j Q2
 I2 

( P2  jQ2 ) P2  jQ2 --------------- (6)

V2
V2

Substitute equation (6) into (3) gives
1  P2  jQ2

 Y21 V  Y23 V3  ----------------(7)
V2 


Y22  V 2

Similarly,

V3 

1  P3  jQ2

 Y31 V1  Y32 V2  ------------------(8)


Y33  V 3


In general, for the kth bus

VK 

1  PK  jQK  i  n

YKi Vi  for i  k



YKK  V K
i 1


Iterative techniques are used for load flow studies because load flow problems are nonlinear.
VB ' 

5C

1
 j 0.22 

j 3.33VA  j 3.0VC 

 j 6.667  1.0


= 0.916
VC ' 



1
 j 0.22 

 j 3.33VA  j 3.0VB 

 j 2.705  1




1
j 0.22  j3.0 x j 0.916V
 j 2.705
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= 0.934
VB ' ' 

1
 j 0.23

 j 3.33  x j 2.802V 

 j 6.667  0.961


= 0.8830
Pre – fault power
VB ' ' 

1
 j 0.22

 j 3.0 x 0.8830

 j 2.705  0.932


= 0.891
iii.

Whilst the associated apparatus may vary in size due to difference in rating when

expressed in P.U. they become similar for machine of similar construction.
Question 6. (a)

Pre-Fault
X

X’d
Eb’

Vb

X

E1dVb sin 
x
X 1d 
2
Fault condition

Pre-fault power ' 

(iii)

Eb’

X

Vb=0

Power during fault
'

E1dVb sin 
0
x
1
X d
2
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(iii)

Post – Fault

E1b’

Vb=0

X

Post – fault power ' 

E1dVb sin 
0
X 1d  x

Power Curves

Pre -fault
A2
Post -fault
Pm
Fault condition
A1
c

0

m

A1 = Energy returned to the system during de-acceleration
m

  post  fault power  Pm ( m   C )
C

(65)

Solution to Problem
j 0.5
j 0.07

j 0.23
E= 1.25 P.U

j 0.6
3- fault

V=1
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1.

Pre-fault

Table reactance = j 0.23 + j 0.07 +

j 0 .5  j 0 .6
j 0 .5  j 0 .6

= 0.573 P.U.
power =

1.25 x 1sin 
 2.18 sin 
0.573
 1 
0
  27.27  0.476 rad
2
.
18



  sin 1 
(ii)

Fault condition P = 0

(iii)

Post fault
Total reactance = j 0.23 + j 0.5 + j 0.07
= j 0.8

Hence power



1.25 x 1 sin 
0.8

Post fault power = 1.603 sin
 1 
0
  38.59  67 rad
1
.
603



 m  sin 1 

2.18 sin
A2
0.1
1.603 sin
A1
0

c

m

A1 = 1.0 (c – 0.476)
m

A2   (1.603 sin   1.0)d
C

Applying equal area criterion
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A1 < A2 for stability.
Hence

 C  0.476  

2.47

C

(1.603 sin   1.0)d

from which the critical clearing angle c is
c = 62.30
1986/1987 Question (TIE LINE)
Q.

From the simple power consisting of two active element given in fig. Q4. show
1.

That for a losses line, active power transfer is given by,
p 

VAVB sin 
X

Where X = transfer reactance between the active element.
That for  = /2 the reactive power flow Q is given by

(ii)
V
Q  A
X

2

Show that the voltage level depends mainly on reactive power flow.
(iii)

That the steady stable stability line is 1.22 P.U. if VA, VB and X are 1.10, 1.0 and
0.9 P.U. respectively

(v)

Give a list of 4 generators and consumers of reactive power.

Solution
I

Z

VAA

VBB

Fig. 1
The essence of the tie line is that it helps power to flow from one side to the other.

VA  A  VAe jA

----------------- (1)

VB  A  VBe jB          (2)
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The impedance is defined as,
Z  Ze

j ( / 2 r )

         (3)

Equation 93) the conjugate of the impedance is obtained as

Z  Z (e j / 2 x e jY )  jZ e jy -------------(4)
From equation (3) the conjugate of the impedance is obtained as

Z   Ze j ( / 2  y

-------------------(5)

Simplification of equation (5) gives

Z   jZe jy

------------------------(6)

The impedance angle is defined as
Y  tan 1 ( R / X ) see fig.(2)
y

X

R

Fig. (2)
From fig. 1, VA – VB = I Z -----------------------(8)
From equation (8), I 

VA  VB
       (9)
Z

Complex power S is defines.
S

=

P+jQ

Also SA = VA IA*

---------------------(10)

------------------------------(11)

Substitute equation (9) into (11) gives

V V 
S A  VA  A  B         (12)
 Z 
And substitute equation (1) (2) and (6) into (12) gives,

 V e jA  VB e jB 

S A  VA e jA  A
 jZe jy
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 VA 2
VAVB e j (  B ) 

 

jy
jy


jZe
jZe



Thus,  = A - B
jVA e  jy jVAVB e j (  y )
SA 

       (15)
Z
Z
2

Further expansion of (15) gives
jVA
V V sin(   y ) 
SA 
sin y  A B
Z
Z
2

V
V V cos(  y )
cos y   B
           (16)
Z
Z
2

j

From equation (16), active reactive power delivered are respectively obtained as
VA
V V sin(   y )
sin y  A B
           (17)
Z
Z
2

P

VA
V V cos(  y )
cos y  A B
           (18)
Z
Z
2

Q

For a loss less line,  = 0 and Z = X and hence
P

VAVB sin 
           (19)
X

And Q  VA  VAVB cos             (20)
X
X
2

Max power transfer is achieved when  = /2. Thus max power transfer is
P

VAVB
           (21)
X
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Equation 921) defines the steady state stability limit. Any attempt to exceed this limit will
causes instanblity.
Also, for  = /2 equation (20) becomes
Q

VA
X

Which shows that voltage depend on reactive power Q.
Steady state stability is
1.10 x 1.0 sin 900
0.9

(iv)

 1.22 P.U

Generator of reactive power Q
ii.

Over-excited synchronous machine

iii.

Cables owing to their distributed capacitance

iv.

A.C commutator motors

CONSUMERS OF REACTIVE POWER
i.

Under excited synchronous machine

ii.

Inductive static loads

iii.

Induction motors

iv

Converters

30MVA
11kv
0.6P.U

30MVA
11.55/132KV
0.1P.U

11/125.71KV

125.71KV
132KV

Choosing base voltage 11kv in the motor circuit and base MVA of 30 Transmission line
base voltage.
132
 11Kv  125.71Kv
11.55

Transmission line base impedance
Per unit impedance of transmission line

125.71  526.80
Vb2

MVA base
30
2

Z LP .U .

j 48

 j 0.091
526.80
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2

30  11.55 
Transforme r new P.U impedance  0.1   
  j 0.092
36  11 

actual
132

 1.05
base
125.71
With machine terminal voltage = 1.0 P.U

Busber vol tage P.U 

Equivalent circuit
I

j 0.6

j 0.092
Vt = 1.0
10

j 0.091
1.05 p.u
VBUS

I

VBUS  Vt 1.05  10

j 0.183
j 0.183

25
 0.833
30
1.0  1.05Sin
0.833 
0.183

Per unit real power 

1.05 Sin = 0.833 x 0.183 = 0.153
 Sin 

0.153
 0.1452
1.05

=  = sin-1 (0.1452) = 8.350
 = 8.350
1.058.35  1

j 0.183
1.039  j 0.153  1 0.039  j 0.153


j 0.183
j 0.183

Thus, I 

0.15875.70
 0.863  14.30

0
0.1839
I  0.863  14.30
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Complex power
S = VtI* = 10 x 0.86314.3 P.U = p + jQ
= 0.86314.3 P.U
S actual = 0.86314.3 x 30
= 25.8914.3= 25.09 + j6.4
Active power absorbed by motor
Q = 6.4MVAr
Voltage behind synchronous reactance of the machine
E.g = 1.00 547829.8 p.u
Ed = Vt + Ij0.6
= It 0.863 143 x 0.6900
= It 0.5178104.30
= 1 – 0.1279 x j0.5018
= 0.8721 + j 0.5018
= 1.006229.920
= 1.00 547829.8 x 11KV
= 11.0603 29.8 KV
= 11.0603 KV
Increasing machine excitation will rise the power factor. Reducing transformer LV
winding will reduces the reactive power absorbed and hence raises the power factor.
Question a

ADVANTAGE OF METHOD OF SYMMETRICAL COMPONENT

1.

Elimination of mutual interative effects

2.

Each component set can be treated on single phase base

DETERMINATION OF THE RELATIONSHIP FOR TOTAL POWER
EXPRESSED PHASE AND SYMMETRICAL COMPONENT TERMS
(ii) Total apparent power in the 3 -
S3  = VaI*a + VaI*b + VcI*c
i.e the total power in phase quantities = 3 x total power in sequence components. Which
Ia 
shows
that
transformation
from phase quantities to symmetrical components is power
 Va Vb Vc  I b 
invariant.
 I c 
T

Va   I a 
   

Va Vb   IbV0 
II0 a    I 0 

     
V  
V V IcVV
V2 II1 b  C   I1 

 b S 3c3C
 0  1 1 and
Vc We
 know
  Vthat,

I I2 c    I 2 
2
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ELIMINATION OF MUTUAL

a

Ia

Za
Zmab

b

Ib

Zmca

Zb
Zmbc

c

Ic

Zc

Va

Vb
Vc

SEQUENCE IMPEDACE OF TRANMISSION LINES.
The above fig shows the self and mutual impedance of a transmission line. The
expression for the mutual – sequence are as follows:
Zmo = 1/3 (Zmbc + Zmca + Zmab )

(1)

Zm1 = 1/3 (Zmbc +aZca + a2Zmab )

(2)

2

Zm2 = 1/3 (Zmbc + a Zca + aZmab )

(3)

By K V L
V0   Z s Z m Z m   I 0 
V    Z
  
(4)
 1   m Z s Z m   I1 
V2   Z m Z s Z m   I 2 
Substitution the appropriate symmetrical eg
0
0  I0 
V0   Z s  2Z mb
V   
0
Z5  Z m
0   I1 
 1 
V2  
0
0
Z 5  Z m   I 2 
The zero indicates the absence of mutual effect.
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EQUIVATION CIRCUIT FOR ZERO SEQUENCE IMPEDANCE OF A LONG
TRANSMISSION LINE
Zc

Zw
Iw

ZgIg

Z0  Zc 

Z wZ g

Zw  Zg
Where Z0 = zero sequence impedance
Zc = impedance of equivalent conductor
Zw = impedance of equivalent wire
Zg = impedance of equivalent earth
Check text for explanation
Single line diagram of the system
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SEQUENCE NETWORK FOR THE SYSTEM
I1
0.6
Z1

0.1

0.5

0.5

0.1

0.6

E1 = 1.0 p.u

0.2

0.1

0.5

0.1

0.1

1.25

0.5

0.1

I2

0.2

Z2

Z0 Z1  1.1 In parallel with 1.1 

1.25

0.1

0.1

1.1  1.1
 j 0.55
1.1  1.1

Z 2  0.8 In parallel with 0.8 

0.8  0.8
 j 0.40
0.8  0.8

Z0 = j(1.25 + 0.1) = j1.35
EQUIVALENT SEQUENCE NETWORK FOR THE ABOVE SYSTEM
J1
Z1 = j 0.55
Z2 = j 0.4

E = 1 p.u

I2

Total impedance  j 0.55 

Z0 = j 1.35
I0

j0.4  j1.35
 j 0.85857
j0.4  j1.35

1
E

 1.1647  900 p.u
I1 
Ia j 0.=
I
+
I
I2
0
1 +ZT
85857
I2 

 I , Z 0 1.164790  j1.35

 j 0.89
Z0  Z2
j1.35  j 0.40

I0 

 I , Z 0 1.1647  j 0.4

 j 0.2662
Z0  Z2
j1.75
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= j0.2662 + 1.1647 -900 + j0.8984
= 0.0001
Ic

= I0 + aI1 + a2I2
= j0.2662 + 1.1647 -90 x 1120 + j0.8984240
= j0.2662 + 1.1647-300 + j0.8984240
= j0.2662 + 1 + j0.582 + 0.8984330 + 0.778 – j0.48
1.778 + j0.3952 = 1.82212.53 p.u

(4) 86/87

Without regulation

With regulation

IX1 = 1

IX1 =2

E1
Vc = 1
600

IX2 = 1

E1 =5

Vt = 1

IX2 =2

900

180

P
Without regulation
With AVR



1160 j0.5

900
j0.2

Xd = j1.1

j0.5
1

X d = j0.4
VR
j 0.4

j 0.2

E1d

Va = 10

j 0.25

Vb

E1d = 1 + j0.4 x I = 1.07721.880
Va = Vb + j0.45

Pre - fault power 

1.077  1.0965Sin 
 1.389Sin
0.85

1.077  1.0965Sin 
 1.0735Sin
1.1
 Vb = Va – j0.45 = 1 – j0.45 = 1.0965-24.22
Post - fault power 

During fault P = 0
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1.389 Sin

M 

3.5  2  1
H 2VA

 0.00039mJs / deg ree
2  180  50
W

P
P  0.06
2
 9.23Pa
Thus, a t   a
0.00039
M
2

T

N

Pa
n-1/2

Pa
n+1/2

Pa

0
0.06
0.12
0.18
0.24

0
1
2
3
4

0
1
1
0.0314
-0.0656

1
1
0.0314
-0.0656
-0.0519

0.5
1
0.5157
-0.017
-0.587

Pa(Dt)2
n
= 9.23Pa
4.615
9.23
4.76
0.1578
-0.5424

D∂n + 1

∂0 = 460
∂n +1

4.615
13.845
18.60
17.897
17.897

50.615
64.46
83.06
101.50
119.39

Improvement in the steady state stability using automatic control (an ideal automatic
voltage regular at the machine terminal) compared with normal control (fixe excitation).
Indicate the method of solution with automatic control.
FIVE METHODS OF CONTROL OF TRANSMISSION LINE VOLTAGE
series capacitor (2) shunt reactor (3) synchronous reactor (4) transformer tap changing (5)
booster transformer.
(5) BOOSTER TRANSFORMERS
Booster transformers are used to increase the voltage at a point or points in a
transmission line at a distance from the main transformers. The capacity of the booster
transformers. The capacity of the booster transformer is generally 10% to 20% that of the
main transformer.
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TAP – CHANGING TRANSFORMER
Tap – changing transformer have tapping on their secondary windings that can be
changed to adjust the voltage levels at the substation or load points. The tapping may be
adjusted on load. For quick and automatic action when required, on load tap changing
transformers are used.
(3)

SYNCHRONOUS COMPENSATOR

A synchronous compensator is s synchronous motor running without a mechanical load.
It is connected in parallel with the load at the receiving and of the line, when used with a
voltage regulator, t he compensator can automatically run over- excited at times at high
load and under excited type at the light load. A great advantage is the flexibility of
operation for load condition.
SERIES CAPACITOR
These are connected in series with the line conductors and are used to reduce the
inductive reactance between the suppy point and the load, thus helping togive better
regulation of voltage are lagging power factor load. One major draw back is the high over
voltage produced when short circuit flows through t he capacitors. Special protective
device (spark gas) are on corporate.

Line with sermes capacitor
80 MW
j 75.6/ph

I1
(80 + j60) MVA

With
a base
275
KV of 100MVA,

275/33KV
120MVA
2
0.12pu
275
  756.25 
Transmissi on line base 
100
j 75.6
Z L P.U 
 j 0.1
756.25
Transmissi on per unit impedance  j0.12 

I2

100
 j 0.1
120
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With infinite busbar loaded at unity power factor, 80mw (0.8 p.u) real power is present at
busbar.
Equivalent circuit
0.8 p.u

j 0.1

j 0.1

V2

I1

(0.8 + j0.6)
I2
I2
Vb =10

Synch capacitor

At infinite busbar
VbI*1 = 0.8 P.U. MVA
I1 = 0.8 p.u.
But VL 10-I1 j0.2
1-j0.02x0.8
1-j0.16=1.0127-9.1
= 1.0127 p.u
VL Actual = 1.0127 x 33kv = 33,43kv
Reactive power loss on transmission line
= 12 x
= 0.82 j0.2 = 0.64 x j0.2=
=j0.128 p.u
But load reactive power = j0.6 p.u
Total reactive power = j0.128 + j0.6
= j0.728 p.u

which the synchronous capacitor has been excited to supply

output of synchronous capacitor.
= j0.728MVAR

Sequence network.
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j0.3

0.12

0.15

0.15

0.1

0.25

0.15

0.1

0.15

0.35

0.1

E1 = 1 p.u

If 

0.2

0.12

0.05

0.12

0.15

0.35

3E
Z1  Z 2  Z 0
Z1 = 0.57 in parallel with 0.5 = 0.266 p.u.

Z2 = 0.47 in parallel with 0.4 = 0.216 p.u.
Z0 = 0.52 p.u.
If 

3 1
0.266  0.216  0.52
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= 2.99 p.u.
(4)

Explain equal area criterion

0.6

Xs = Xt
- = 0.3
Va = 10

Vb

Fault cleared after 4 cycles
T = 4/50 sec = 0.08 seconds =4cycles
Frequency



0.08 



2H VA rating 1   0

But t 

180  50  PA
2  41   0 

180  50
With machine delivering rated power at unity P.F. and assuming constant accelerating
power.
From which, 1 - 0 = angle change
=7.20
STABILITY:

I1

j0.3

Ed

j0.6

Va = 10

Vb

I = 1 p.u – rated
Ed = j0.3I + 1 = 1.044 16.700
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Va =j0.61 + Vb
=> Vb =1 {0 – j0.6 = 1.166  -310
Thus power transferred


1.044  1.166Sin
 1.353Sin
0.9

1.838 Sin
A2
1.0

A1

0

1

2

m

= 1.353 Sin 

 1 
0
  48  0.838rad 
1
.
353


= 180 – 48 = 1320 (= 2.30rad)

 0  Sin 1 
m

1 = Circuit breaker opens = 48 + 7.2 = 55.20
2 = Circuit breaker realeses to retain sunchonism
A1  A2
A1 = 2 – 0.833
A2 

 1.35Sin  1d
2.3
2

2= 65.50
Rator angle change during fault and reclosing
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= 65.5 – 48 = 17.50
From time of fault to breaker reclosing
2  4  17.5
 0.125Sec.
180  50
Dead time = 0.125 – 0.08 = 0.045sec

t

DRAW BACK OF EQUAL AREA CRITERION
Two assumptions made in connection with multi – machine
CHECK LECTURE NOTE
NOTE:
We need a method of predicting stability observe that,
d  d 
df d 2

 2  2
dt  dt 
dt dt
Therefore,
2

d / dt 
d 2
d
2
dt
2d

2

Hd 2
fdt 2
Where Pm = constant

From Pm - Pe 

Substituting (2) into (3)
Pe 

E0 Sin
xd  x

2

H
 df 
 d    Pm  Pe d
2f  dt 
2f
 df 
Integratin g,   
H
 dt 
2


 P

m

 Pe d

0

Example:
X1

Generator

X2

X3

Infinite bus
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X 

0.2  0.20.4  0.2
0.2  0.2  0.4

Consider the system of fig above.
X1 = 0.4.E1 d = 1.2
X2 = 0.2 Pm = 1.5
X3 = 0.2.x1 d = 0.2
E = 1.0
Suppose the system is operating in equilibrium at 1 when the breaker inadverterly opens,
switching micro seconds evaluate 1, 2 and 4 show in figure below.
P
3
Pe
P1e

2

System response to
change in Pe

A2
Pm = 1.5

1

A1

1

2

3

900

4

1800



Solution.

X 

0.2  0.20.4  0.2

0.2  0.2  0.4
At t = O

EEa1 Sin 1.21.0Sin
Pe  '

 3.0Sin
0.2  0.2
XdX

But when  = 1, Pe = Pm, therefore

 1.5 
1
0
  1  Sin 
  Sin 0.5  30  0.524rad
 3.0 
1
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3.0 sin 1 = 1.5
Now at t = o, the breaker open and we switch to curve Pe1 in fig.
To solve for 2 and 4
Pe1 =Pm

1.21.0 Sin

 2.0 Sin 
0.2  0.4
=>  = Sin-1 (0.75) = 48.6 or 131.40
Pe1 

2 = 48.60 = 0.848 rad
1.5
 0.75
2.0
2 – 131.40 = 2.293 rad.
Sin

Observe that in the interval 1 to 2 , Pe and rotor is accelerating, we compute the
corresponding A1 :
A1 


 P
2

m

 Pe d

1



1.5  2Sin d

0.848

0.524

 1.5  2Cos 0.524
= 1.5 [0.848 – 0.524] + 2[Cos 48.60 + - Cos 300]
0.848

= 1.5 x 0.324 + 2[0.6613 – 0.866]
=0.486 – 4.095
=0.07.
The question critical is whether there is though negative area (- A2) in the interval 2 < 
< 4 to offset this motion.
We compute

 A2 max 

4

 P

m

 Pe d

2



1.5  2Sin d

2.293

0.848

 1.5  2Cos 0.524
0.848
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= 1.5 [2.293 – 0.848] + 2[Cos 2.293rad]
= 1.5 x 1.445 + 2[-0.661 – 0.6615]
= 2.1675+ 2 x (-1.3225)
=2.1675 – 2.645
= -0.478.
Since A2 max >A1 the rotor will not as far as 4 and the system is stable. We will now
calculate the greatest rotor swing 3.
The rotor will be stopped when A2 = A1,
Therefore,
3

  P m  Pe d  0.0773
8

  1.5  2 sin d  0.0773
3

2

3
1.5  2 cos0.848
 0.0773

 1.53  0.848  2cos 3  cos 0.848rad   0.0773
= 1.5 3 – 1.272 = 2 Cos 3 – 1.323 = -0.0773

1.5 3 – 2 Cos 3 = 1.272 + 1.323 – 0.0773
= 2.518
The equation is non – linear hence, interval gives
3 = 1.218 rad = 69.80
Ex. 2
Refer to the system of the power problem.
Suppose 3 -  fault occurs at point F
If the fault is not removed, with the generator be stable ?
Suppose the fault is cleared by opening the breaker at  = c = 600. Is the system stable, if
so calculate 3
Soln
The fault at F reconfigures the external system. Position sequence network to that
shown in fig below
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We evaluate it
Thevenin equivalent
0.40.2 
 0.133
0.2  0.4

X2 
E

0.2
0.2  0.4

 1.0  0.333

0.4
+
0.2

0.2

1/ 0
-

External system when subjected to 3 -  fault at point F
Under fault condition
X1d = X = 0.2 + 0.133 = 0.333

1.20.333sin   1.2 sin 

Pe 

0.333

Stability is obviously impossible, since Pemex (1.2) is less than Pm (1.5), preventing
even steady state stability.
(b)

To attack this problem, Let us define
Pe0 =3.0 Sin  = Fault Pe Curve.
Pe1 =1.2 sin ∂ =Fault Pe Curve
Pe11=2.0 sin ∂ =Post –Fault Pe Curve.
This are shown in the fig below.
If the fault is cleared at 60o (1.0047 rad) the accelerating area is

P

1.047

A1  

0.524

m

 Pe 1 d

3 1.o 47
A1   1.5  1.2Sin d

Pe0
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0.524

 1.5  1.2 cos

1.o 47
0.524

 0.346.
11

When the fault is cleared we switch from Pe1to Pe11.
The max available decelerating area (-A2) is

193

ELECTRICAL POWER SYSTEM DESIGN
4.13

Explain the method of representing a power – system network by the single-line
diagram. How is the impedance diagram construed for representation of the
system?

4.14

Explain the per-unit method of representing quantities. How is the base KVA
chosen for the solution of circuit for fault calculation? How are per-unit
impedance and per-unit admittance related to per-unit values of current, voltage,
and KVA in single-phase and three phase circuits?
Figure 4.20 show a single – line diagram of a power system with a generator at
one end, a step-up transformer supplying power to one motor-load over a
transmission line and through a step-down transformer. Express the reactance of
the system in per-unit values and show them on the diagram. The rating or the
specification of the equipment is as follows:
G1 – 20000 kVA, 11 kV, three-phase, 50Hz. Star point of the generator
connected to neutral through a resistance.
M2 – Synchronous motor load of 10000 kW as 0.9 power factor, 11 kV, three-

phase, 50 Hz. The efficiency of the motor is 90%. Subtransient reactance of G1 is 14%
and M2 is 18%. The transformers T1 and T2 are each three-phase

194

TA

TB

A

B

Fig. 4.20

Power system for Example

transformers, 11kV/100 kV, 25 000 kV, 50 Hz connected delta/star with star point
earthed at the high voltage side. The leakage reactance of the transformer is 8%.
Reactance of transmission line is 40 .
4.15

Discuss network laws and network theorems and explain with an illustration the
use of the particular problems for easy solution.

4.16

Figure 4.2.1 show a simple power system. The values of the elements are given in
terms of admittance. Write down the equations for the nodes A, B, C, D, E and F.
Use matrix method for the solution and eliminate the nodes D, E, F.
Explain the method of finding out current supplied from A and B if E A =

- j6
A
EA

- j2

D

- j3

- j3

+


F

- j3

B
+

- j10



EB

C
Fig. 4.21 A simple power system for Example 4.4
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1.3  150 and EB 1.0  00 and also find the power supplied to each part of the
network.
4.17

Three resistors of 10, 20 and 25  are connected in delta across phase A, B and C
respectively of a balanced three-phase 230 V system. What are the sequence
components of currents in the resistors and in the supply lines? (Ans. Ibc1 = - 1.53
– j3.94; Ibc2 = 1.53 + j3.94; Ibc0 = 14.6; Ia1 = 6.85 – j2.66; Ia2 = 6.85 + j2.66; Ia0
= 0).

4.18

a three-phase star-connected system with earthed neutral at the generator end
supplies a star-connected load consisting of 50 , 20 + j 100  and 100 in lines
1, 2 and 3 respectively. The supply voltage is 230V, three phase balanced (phase
values). If the star point of the load is not earthed, find the values of current in
each line, and the voltage of the star point of the load (neutral) above earth. Use
the method of symmetrical component. (Ia = 4.65  - 23.350 : Ib 3.1  168.830 ; Ic =
1.68  139.650 VN = 271  810).

4.19

A generator has a sustained fault with phases b and c short-circuited together and
to the neutral. Prove t hat the zero-sequence impedance is given by

Z

0



Ea
In

where, Ea is the voltage from the unfaulted conductor to neutral and In is the
current through the neutral.
4.20

A dead earth occurs on one of the three conductors of a cable (phase a) supplied
by a 5000 kVA, three-phase generator with earthed neutral. The generator gives
3300 V (line-to-line) on open-circuit. The positive, negative and zero-sequence
impedances of the generators are Z1 = 0.5 + j5.0; Z2 = 0.25 + j0.8 and Z0 = j0.5 
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per phase. The corresponding lines-to-neutral values for the cable up to point of
fault are: 0.30 + j0.25, 0.30 + j0.25 and 3.0 + j1.0. Find the fault current, sequence
components of current in each line, and the voltages of the sound lines to earth at
the fault point.
(Ans. Ia = 312 – j561 = 642  - 610 ; Ia1 = Ia2 = Ia0 = 104 – j187 Vb =1275  195,530
V; Vc = 1650  109.40 V)
4.21

Explain the methods of carrying on load-flow studies in a large power system.
How is the load-flow problem formulated? What is the procedure for studying the
load-flow problem on a digital computer.

4.22

Explain transient stability and steady-state stability of a power system.

4.23

Explain equal-area criterion for determining the transient stability of a power
system. Prove the method by illustration.

4.24

Explain the methods of improving power-system stability.

PROBLEM II
12.1

What are the causes of high losses and poor-voltage regulation in a power
system? What ate the points to be considered in system improvement to bring it to
normal operation with voltage regulation within limits and better efficiency?

12.2

Explain the methods of system improvements with reference to improvement on
L.T. system, 11 kV feeders, shunt compensation, transformer capacities, subtransmission lines and new substations.

12.3

How do you determine the voltage regulation of a loaded feeder with concentrated
loads at given distances? Explain with illustration of a case on 11 kV feeder.

197

12.4

How are the losses in the system determined before system improvement
measures and after system improvement measures? Explain the effect of
utilization factor and loss-load factor.

12.5

What are the considerations in locating the distribution transformer centres? In an
overloaded system, how is the new location of distribution transformer centre
determined by suitable shifting?

12.6

What are the financial considerations to make the system improvement scheme
viable? Explain with an illustration.

PROBLEM III
13.5

13.6

Discuss the various methods of power system planning with reference to:
(iv)

Load forecasting

(v)

Generation planning

(vi)

Transmission line expansion planning

Explain the methods of transmission system planning. Indicate flow diagram for
computer program.

13.7

State methods of distribution system planning with the help of computers.

13.8

Explain the importance of planning power systems with reliability consideration.
What is meant by component reliability and power system reliability? How is the
reliability measured?

13.9

Describe the trends in power system planning in India with reference to (i) load
forecasts, (ii) transmission line capacities, (iii) 400 kV transmission, (iv) EHV,
UHV and HVDC transmission, and (v) load dispatching stations and their
requirements.
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PROBLEM IV
ANALYSIS AND PROTECTION E. P. S.
6.10

A 60 MVA 33KV star-connected alternator has positive, negative and zerosequence reactances of 0.3, 0.25 and 0.2pu., respectively. The star point of the
alternator is earthed through an 8  resistor. A line-line-earth fault **** at two
terminals of the machine; determine the power which will a dissipated in the
earthing resistor and also the voltage to earth of the unfaulted terminal of the
machine. (Ans. 8.712MW, 25.5 kV) (I.E.E., Pt III Supply, 1958).

6.11

A 3-phase 50 Hz 60 MVA 132/11 kV delta/earthed-star transformer with a
leakage reactance of 0.2p.u. is supplied at 132 kV from an unearthed source of
negligible internal impedance. the transformer supplies a 3-phase transmission
line having a self-inductance of 0.128mH per conductor and a mutual inductance
between any two conductor of 0.032mH. Show that, for a conductor-conductorearth fault at the end of the line remote from the transformer, the transformer
behaves as a generator of z.p.s. current, and calculate the p.p.s., n.p.s. and z.p.s.
components of current in the unfaulted phase. (Ans. I1 = 9650A, I2 = 5000A, I0 =
4650a) (I.E.E., Pt III Supply, 1957).

6.12

6.3

A 3-phase transmission line has sending and receiving voltages of 132kV

and positive-, negative- and zero-sequence reactances X1 =X2 = X0/2 = 30. if the
angle between the sending-and receiving-end voltages is 300, determine the power
transfer over the system immediately following in line-to-earth fault at a point
two-thirds of the distance from the sending end. It may be assumed that the

199

voltages at each end of the system are unchanged subsequent to the instant of fault
occurrence. (Ans. 218MW) (I.E.E., Pt III Supply, 1958).
6.13

The single-line diagram of fig 6.40 represents a simple 2-machine system with
system connections as shown. Source e.m.f.s and pertinent

Z0= j0.4 p.u.
P
Z1=Z2= j0.2 p.u. Q
1600

000

Z1=Z2=Z0= j0.1p.u. Z1=Z2=Z0= j0.1p.u. Z1= j0.2 p.u.
Z1= j0.2 p.u.
Z2= j0.1 p.u.
Z2= j0.1 p.u.
sequence impedances (all to the same base) are as indicated, and the phase
sequence is RYB. A phase-phase-earth fault of zero fault impedance involving the
Y-and B-phases occurs at F midway along the transmission line PQ. Calculate the
p.u. fault current. Neglect resistance throughout.
6.14

Explain the circumstances under which negative-sequence protective equipment
may be desirable on an electricity supply system.
A bridge network having nodes QRST has a ***** of negligible
impedance connected between R and T. The impedance of the bridge arms are
ZQR = ZST = 1.0/00 and ZRS = ZQT = 1600 ohm. Three current transformers of
ratio 400/5 have their primary windings in the lines A, B and C of a 3-phase
circuit, and their secondary windings connected in star; the outer ends of the
secondary windings a, b and c are connected to nodes Q, R and respectively, and
the star point of the windings is connected to T. If, during an earth fault, the line
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currents in the 3-phase circuit are IA = 600/00, IB = 445/213.50 and IC = 445/146.50
amperes, find the current in the relay. (I.E.E., Pt III Supply, 1961).
6.15

The filter circuit of a negative-phase-sequence relay and its associated transducers
takes the form shown by Fig 6.41. The arrangement is such that, for negativephase-sequence currents in excess of 5% of the

r

x

R

V0
Fig 6.41
current transformer secondary rating, at 50hz the value of V0 is sufficient to
operate an alarm circuit. Other relevant data are as follows:
C.T. ratio, 100/1
Nominal c.t. secondary rating, 5A
R = 2r = 2x/3 ohms at 50 Hz
If the primary circuit supplies a balanced overload of 50MWf at 0.9 p.f. to
11kV busbars, determine the frequency range inside which it operates in order
that the unbalance alarm is not initiated. (Ans 49.2 – 50.8Hz) (B.UT., 1969).
6.16

A 3-phase single-circuit overhead transmission line comprises three phase
conductors of self-impedance ZS = (RS + jXS), an earth wire of self-impedance
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ZS = (RS + jXS), and an earth return of self-impedance ZG = (RG + jXG). The
mutual reatances between the different pairs of phase conductors have magnitudes
XAB, XBC and XCA respectively, while those between each phase conductor and
the earth wire have magnitudes, XAB, XBC and XCA. Show that such an
arrangement may be simplified to an equivalent 4-conductor system in which the
self- and mutual impedances include the effect of the earth-return, the mutual
impedances now having real and imaginary components.
In such an equivalent system the self-impedance of each phase conductor,
including the earth ****** (1 + j10) and that of the earth wire including earth
return is (2 + j10). The mutual impedances between each pair of phase
conductor and between each phase conductor and the earth wire are each assumed
to have an equal value of (0.4 + j4). Deduce the equivalent impedance matrix
which enables the three phase-earth voltages to be expressed in terms of the three
phase currents. Hence determine, from first principle, the values of the positive,
negative and zero phase-sequence impedances of the line. (Ans. Z1 = Z2 = 0.6 +
j6; Z0 = 1.79 + j13.05)
6.17

The single-line diagram of Fig 6.42 represents part of a power system having
system connections as shown. The source e.m.f. and pertinent sequence
impedances (all to the same base) are as indicated. The phase sequence is RYB.
(c)

Find the p.u. fault current due to a single phase-earth fault of zero fault
impedance at the mid-point of line CD, when the line AB is
disconnected. Calculate also the value of the sound phase currents in
line CD under these circumstances.
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(d)

Evaluate the fault current if the same fault occurs when line AB is
connected. Assume a fault are resistance of 0.1 p.u.

E=1.1610 p.u

Z0=Z1=Z2
Z0=Z1=Z2
Z
/2=Z
=Z
=
j0.6p.u.
= j 0.1p.u.
1
2
= j 0.1p.u. 0

Z1= j0.2 p.u.
Z2= j0.1 p.u.

A
B

B
D

Z0/2=Z1=Z2= j0.6p.u.



Open

If in case (b) the fault occurs at a position other than the mid-point of CD, explain
why it is then necessary to account for inter-circuit mutual impedance in the zero phasesequence network. Illustrate your answer by redrawing the zero phase-sequence network
assuming that the fault occurs at a fractional distance  from C along the line CD and the
mutual. (Ans. (a) 2.4 p.u., 0.4 p.u; (b) 2.81 p.u.)
6.18

A cylindrical-rooter generator and its associated step-up transformer are
connected via a fully transposed double-circuit overhead transmission line to a
point in a large interconnected 132kV power system, at which the short-circuit
level is 2000 MVA. The pertinent impedances, referred to a 100 MVA base, of
the generator, its step-up transformer and each of the identical overhead lines are
j0.2p.u., j0.1 p.u. and j0.8 p.u. respectively.
The generator is operating at a relative load-angle of 300 and delivering
power to the 132kV system when a 3-phase ***it occurs mid-day along one of the
transmission lines. The fault is scared by the simultaneous operation of
appropriate switchgear in the faulted line. if the generator “swings” through 300
before the circuit-breakers clear the fault, determine graphically, or otherwise,
whether or not the generator remains stable. Estimate the percentage reduction in
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power transfer immediately following the fault, and the ultimate load angle. state
any assumptions made. (Ans. 62%, 500)
If the generator had swung through 600 before the circuit-breakers cleared
the above fault, show that stability would not have retained. (B.U.T., 1969)
PROBLEM V
ELECTRIC POWER SYSTEN
8.1

A round-rotor generator of synchronous reactance 1 p.u. is connected to a
transformer of 0.1 p.u reactance. The transformer feeds a line of reactance 0.2p.u
which terminates in a transformer (0.1 p.u. reactance) to the LV side of which a
synchronous motor is connected. The motor is of the round-rotor type and of 1 p.u
reactance. On the line side of the generator transformer a three-phase static
reactor of 1 p.u. reactance per phase is connected via a switch. Calculate the
steady-state power limit with and without the reactor connected. All per unit
reactance are expressed on a 10MVA base and resistance may be neglected. The
internal voltage of the generator is 1.2 p.u. and of the motor p.u. (Ans. 5 MW and
3.14 MW for shunt reactor)

8.2

In the system shown in Figure 8.17, two equivalent round-rotor generators feed
into a load which may be represented by the constant impedance shown.
Determine Z11, Z12 and Z22 for the system and calculate 12 if P1 is 1.2p.u. All per
unit values are expressed on the same base and the resistance of the system (apart
from the load) may be neglected. (Ans. Z11 = 0.7887.80; Z12 = 1.47 1120; Z22 =

1

X 0.09 p.u.

E1 1.5 p.u.
 0.28 p.u.

XL 0.5 p.u.

XL 0.5 p.u.

X 0.09 p.u.

X 0.11 p.u.

2

E2 1.3 p.u.
 0.2 p.u.
0.13 + j 0.08 p.u.204

0.2262.50)
Fig. 8.17
8.3

Line diagram of system in Problem.

A hydroelectric generator feeds a load through two 132 kV lines in parallel, each
having a total reactance of 70 phase-to-neutral. The load consists of induction
motors operating at three-quarters of full load and taking 30 MVA. A local
generating station feeds directly into the load busbars. Determine the parameters
of an equivalent circuit, consisting of a single machine connected to an infinite
busbar through a reactance, which represents the above system when a threephase symmetrical fault occurs halfway along one line.
The machine data are as follows:
Hydroelectric generator:

rating 60 6o MW power factor 0.9
lagging; transient reactance 0.3 p.u. :
inertia constant 3 kW-s/kVA.

Induction motors:

composite transient reactance 3 p.u.;
inertia constant 1 kW-s/kVA.

Local generator:

rating 30 MVA; transient reactance
0.15 p.u. inertia constant 10 kWs/kVA.

(Ans. X =9.9 p.u, M = 0.000121 p.u., on a 100 MVA base)
8.4

for the system described in example 8.3 determine the swing curves for fault
clearance times of 250 and 500ms.

8.5

The P-V, Q-V characteristics of a substation load are as follows:
V
P
Q

1.05
1.025
1
0.95
0.9
0.85
1.03
1.017
1
0.97
0.94
0.92
1.09
1.045
1
0.93
0.885
0.86
The substation is supplied through a link of total reactance 0.8 p.u.

0.8
0.75
0.98
0.87
0.84
0.85
and negligible

resistance. With nominal load voltage, P=1 and Q=1 p..u. By determining the supply
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voltage-received voltage characteristic, examine the stability of the system by the use of
dE/dV. All quantities are per unit.
8.6

An induction motor load is supplied through a transformer of 0.1 p.u. reactance
from a receiving-end substation which is supplied from a generator through a
transmission link of total reactance 0.3p.u Plant data are as follows: generator XS
=1.1, X  = 0.3. Induction motor load XS = 0.2, R2 = 0.03, mechanical power
output is independent of speed. A per unit values are on a 60 MVA base. Examine
the stability of the load when the motor takes 50 MW when the generator has (a)
on AV; (b) a continuously acting AVR.

8.7

A large synchronous generator, of synchronous reactance 1.2p.u., supplies a load
through a link comprising a transformer of 0.1p.u. reactance and an overhead line
of initially 0.5p.u. reactance; resistance is negligible. Initially, the voltage at the
load busbar is 1p.u. and the load P + jQ is (0.8 + j0.6)p.u. regardless of t he
voltage. Assuming the internal voltage of the generators is to remain unchanged,
determine the value of line reactance at which voltage instability occurs. (Ans.
Unstable when X = 2.0p.u)

8.8

A load is supplied form an infinite busbar of voltage 1p.u. through a link of series
reactance X p.u. and of negligible resistance and shunt admittance. The load
consists of a constant power component of 1p.u. at 1p.u. voltage and a per unit
reactive power component (Q) which varies with the received voltage (V)
according to the law
(V – 0.8)2 = 0.2 (Q – 0.8)
All per unit values are to common voltage and MVA base.
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Determine the value of X at which the received has a unique value and the
corresponding magnitude of he received voltage.
Explain the significance of this result in the system described. Use approximate
voltage-drop equations. (Ans. X = 0.25 p.u.; V = 0.67 p.u.)
8.9

Explain the criterion stability based on the equal-area diagram.
A synchronous generator is connected on an infinite busbar via a generator
transformer and a double-circuit overhead line. The transformer has a reactance of
0.15 p.u. and line an impedance of 0 + j0. p.u. per circuit. The generator is
supplying 0.8 p.u. power at a te4rminal voltage of 1p.u. The generator has a
transient reactance of 0.2p.u. All impedance values are based on the generator
rating and the voltage of the infinite busbar is p.u.
a) Calculate the internal transient voltage of he generator.
b) Determine the critical clearing angle if a three-phase solid fault occurs on the
sending (generator) end of one of the transmission line circuits and is cleared
by disconnecting the faulted line.
(Ans. (a) 0.89 + j0.28 p.u.; (b) 65.20 (From E.C Examination, 1995)

8.10

A 500 MVA generator with 0.2p.u. reactance is connected to a large power
system via a transformer and overhead line which have a combined reactance of
0.3p.u. All p.u. values are on a base of 500 MVA. The amplitude of the voltage at
both the generator terminals and at the large power system is 1.0p.u The generator
delivers 450MW to the power system. Calculate:
(a)

The reactive power in MVAr supplied by the generator at the
transformer input terminal ;
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(b)

The generator internal voltage;

(c)

The critical clearing angler for a 3p.h short circuit at the generator
terminals.

(Ans. (a) 62 MVAr; (b) 1.04p.u; (c) 860)From E.C. Examination, 1996).
PROBLEM VI
ELEMENT OF POWER SYSTEM ANALYSIS
13.1

In the system whose one-line diagram and zone of protection are shown in Fig.
13.3b where is the fault located if the breakers tripped are (a) G and C (b) F, G,
and H, (c) F, G, H and B and (d) D, C, and E?

13.2

Determine the time-dial setting for 13.3 if the setting had been determined for the
lowest fault current seen by R4? why is the setting made for the highest rather
than the lowest fault current seen by R4?

13.3

In Example 13.3, assume that a line-to-line fault occurs at the midpoint of line 23. Which relay will operate for this fault? What will be its operating time?
Assume that this relay fails to clear the fault, which relay will operate to clear the
fault now? How long will to take?

13.4

An11-kV radial system is shown in Fig. 13.20. The positive- and zero-sequence
impedances of line 1-2 are 0.8 and 2.5, respectively. Impedances of line 2-3
are three times as large. The positive- and zero-sequence impedances of each of
the two transformers are j2.0 ohms and j3.5 ohms, respectively. Under emergency
conditions, the system may be operated with one transformer out of service.
Determine the CT ratios, pickup values, and time-dial settings fro IFC-53 relays
designed to provide single line-to-ground fault protection for this system. Assume
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the high-tension bus is an infinite bus whose voltage will provide 11 kV as the
low-tension bus at no load.
13.5

A portion of a 765-kV network is shown in Fig. 13.21. The positive and zero
sequence impedances of the transmission lines are 0.01 + j0.6 ohm and 0.1 + j1.8
ohms per mile respectively. Assume that the generator impedances is j10.0 ohms
for positive and negative sequence, and j20.0 ohms for the zero sequence.
(a)

Relay R12, R23, and R34 use inverse-time directional IFC-53 over current

relays for single line-to-ground fault protection of this system. Determine the fault
current needed for setting the pickup value of R12 ground relay. You may neglect
line resistances for this calculation.
+ See, for instance, C. R. Mason, The Art Science of Protective Relaying, John
Wiley and Son, Inc., New York, 1956 and Westinghouse Electric corporation,
Applied Protective Relaying, Relay Instruments Division, Newark, N.J., 1976.
Fig. 13.21

One–line diagram for prob.

2

3

B21 B23

B32 B34

1
B12

300mi

(b)

150mi

4
B43

100mi

Select CT and CVT ratios for phase distance relays at bus 1. You may

assume that the relay current coil can carry 10 A continuously, and that the
emergency line loading limit is 3000 MVA. Use standard CT ratios.
(c)

Determine and show on the (secondary) R-X diagram the three zones of a

directional impedance relay at bus 1 for phase fault protection.

209

(d)

Also show the location of the equivalent impedance of the emergency load

on the R-X diagram. Do you see any problems with line operating at emergency
load? What solution would you propose?
13.6

A three-phase fault occurs at the terminals of the delta winding in Fig. 13.19 with
in the zone of protection of the differential relay. Assume that the positivesequence impedance of the transformer as seen fromthe345-kV side is j250 ohms,
and that the power system feeding the 345-kV side is of infinite short-circuit
capacity. What are the currents flowing in all the leads shown in Fig. 13.19 in this
case? Neglect prefault current and assume no fault current originates in the lowtension part of the system.
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 A2 max  

4

c

P  P d
11
e3

m

 1.5  2 cos  1..047
2.293



2.293

1.047

1.5  2 sin  d

 1.52.293  1.047  2cos 2.293rad  cos1.047rad 

=1.869 +2 (-0.661- 0.5002)
=1.869 +2(-1.1612)
1.86 –2.3224 = - 0.4534
since A2 max > A1 the system is stable. To solve for ∂3

 P
3
C



3

1.047

m



 p e11 d  0.346

1.5  2 sin  d

1.5  2 cos  1.3047

 0.346

 0.346

= 1.53 + 2 cos 3 = 2.225
The Equation is non – linear and hence require alliterative method i.e
3 = 1.848 rad = 105.880
Note: it is possible for a system to be stable in a steady state sense and will experience
stability problem when subject to switching operations. The most servere switching
operation included applications of faults, clearing of faults, and inadvertently tripping of
lines and generators. This problem is referred to as transient stability and is the main
topic of this chapter.
SLACK BUS:
Slack bus is also known as reference, or swing bus, it is essentially a generator
bus with no constants. We recall that in are circuit on pharos quantity may be selected as
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phase reference, we exercise this option at the reference bus, setting the phase angle of
it’s voltage to zero.
We also, set the voltage to 1.0.p.u in insuring that the voltages throughout the
system will be close to unity. For convenience will be always number the reference bus
“1” so that
V1 = 100
Physically, the reference bus must be a generator bus or tie bus (ie terminates line to
other system) so that a wide range of PQ1 and QG1 values are possible only one is chosen
per system.
LINE VOLTAGE REGULATION AND COMPENSION.
To the line impedance elements can have an effect on the voltage of all points along the
line, the effect varying with line loading. Serious over voltage can occur at light loads
and unacceptable low voltage can occur at heavy load.
The problem becomes more serious as the line length increases, this effect can
severely limit the acceptable operating range of practical long line and justifies the cost
installing additional equipment to correct the situation. We observe that the problem in
the loaded case is essentially caused by the series inductance. The insertion of series
capacitance would have a conciliation effect and relieve the difficulty to some degree,
such a modification is referred to as series compensation.
(3a) ESSENTIAL FUNCTION OF PROTECTIVE SCHEMES IN ELECTRIC
POWER SYSTEM.

POWER SYSTEM STABILITY
When a disturbance occurs in the system, there is a tendency for the system to
develop force to restare it to the original stable state by maintaining synchronism and
equilibrium. This tendency and the system is know as stability
Whether or not the system will behave well and continue to supply the load and keep the
various conditions is know as system stability.

TYPES OF STABILITY
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STEADY STATE STABILTY
The steady – state stability limit of a generator or system is the max power, max that can
be transmitted for a change in load which occurs slowly enough to allow for a similar
change in excitation to bring the terminal voltage back to normal.
Steady state stability is the ability to retain synchronism when a system is subjected to
small disturbances.
TRANSIENT DISTURBANES:
Whether or not a machine can come back to a steady condition after a temporary
swing decide the transient stability of the system and the machine. Transient disturbance
is determined by considering the effect or the moment of initial of the moving parts of the
machine, of governor operation, of voltage regulators, of the performance of the plants
under transient condition transient stability – large disturbance.
DYNAMIC STABILITY:
Governor and regulator action are take into account. The main factors to be considered
in the study of transient stability are:
Mechanical factor (1) prime move input torque.
inertia of prime mover and generator, (3) inertial of motor and shaft load output tongue.
Electrical factor: such as internal voltage of the synchronous generation and motor,
reactance of the system, generator, line and the motor.
SHORT CIRCULT RATIO (S C R)
SCR

=

Excitation for normal voltage under open circuit saturative curve
Excitation for full load short circuit current

Short circuit ratio is used as a mesure of generator stability
SYCHRONOUS REACTANCE
The synchronous reactance is a measure of the steady steady of the machine, the smaller
it’s value the more stable the machine. Synchronous reactance is used in a circuit where
steady state con ditions is to be obtained. The inverse of the synchronous reactance (the
value 1/xd ) has a special significant as it approximate to the short circuit ratio (SCR), the
only difference being that the SCR takes saturation into account where as xd synchronous
reactance is derived from the air – gap line.
TRANSSIENT REACTANCE XD
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The subtransient reactance determine the initial current peak following a disturbance and
in the case of sudden fault is of importance for selecting the rupturing capacity of
associated of associated circuit breakers. The mechanical stresses in the machine reach
maximum values which depends on this constant. Subtranient reactance is used in a
circuit where a sudden value of current value of current under switching of fault
condition is to be obtained.
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