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1.1 Introduction

An “Electric power system” is a network of electrical components used to supply, transmit and use
electric power. An example of an electric power system is the network that supplies a region’s home and industry
with power for sizable regions, this power system is called “the grid” and can be broadly divided into the
generators that supply the power, the transmission system that carries the power from the generating stations to
study the load centers and the distribution system that feeds the power to nearby homes and industries.

This chapter deals with fundamentals of power systems which includes polyphase AC circuits in order to
study the characteristics of transmission lines. An electric transmission line can be represented by series
combination of resistance, inductance and shunt combination of conductance and capacitance. This chapter
thus deals with the series line parameters and shunt line parameters of a transmission line.

1.2 Three-Phase AC Systems

e A 3-¢ circuit has an ac voltage generator (alternator) that produces three sinusoidal voltages that
are identical except for a phase angle difference of 120° electrical.

V,

S

Y
120° | 120°

AR

Here, Phase sequence = RYB
Vp = V_sinwt= VZ0° Volt

v, = V_sin(wt-120°)
= V«/-120°Volt
Vg = V_ sin(of-240°)
= V/-240°Volt
= V/+120°Volt

NOTE: In general for a n-phase systems, phase difference is 360°/n.

1.2.1 Phase Sequence

o It is the order by which the phase voltages attains their peak value. The phase sequence may be
positive, negative or zero (no particular sequence).

o RYB is a universally adopted phase sequence.
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° For a 3-¢ system phase sequence must be defined.

(a) Positive phase sequence: i.e. RYB, YBR, BRY

(b) Negative phase sequence: i.e. RBY

(c) Zero phase sequence: No particular order of phase sequence
o For balanced 3-¢ system: I+ I, + I5;=0

For unbalanced 3-¢ system: I+ I, + I5#0

NOTE g

e Phase voltage (Vp): It is the voltage between any one of the phase and neutral.

e Line voltage (V,): Voltage measured between any two phases is known as line voltage.
* Phase current (1,): The current flowing in any one phase is called phase current.
e Line current (Z,): The current flowing in the line is line current.

1.2.2 Types of Three-Phase Connections

There are basically two types of 3-phase connections:
(a) Star (Y) connection (b) Delta (A) connection
(@) Star (Y) connection:

V,,= V,£120°

Vi = V,£-120°
Phase and Magnitude Relations between the Phase and Line Voltage of a Y-Connection

e Thesetofvoltage V,, V, and V__ are called the line voltages, and the set of voltages V, , V, |
and V__ are referred as the phase voltages.
e For abalanced system, each phase voltage has the same magnitude
WVl = 1v, I =1v, =V
where V, denotes the effective magnitude of the phase voltage
V., = V3 V,£30°
V. = N3 V,£-90°
V., = \3V,£150°

NOTE 8

e Theline voltages (V) constitute a balanced three-phase voltage system whose magnitudes

are /3 times the phase voltages (Vp); V, = x/§Vp

e Theline current (/) and the phase current (Ip) have the same magnitude;

e With star connected system, protection can be provided by connecting a protective device
between neutral and earth for earth fault detection.




(b)

NOTE 8

e Theline and phase voltages have the same magnitude;
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Delta (A) connection:
For phase sequence (abc):

Vab

Relations between Phase and Line Currents in a A-Connection

|VL| =‘Vp‘

e Asetof balanced three phase currents yields a corresponding set of balanced line currents

that are /3 times the phase value;

Power Calculations

I, =31,
Single phase power, Piy = Ven 1p,COSO
Three phase power, P3_¢ = 3 Vp, 1p,C080

Three phase power in star connection,
v
Py = S-TLS-IL cos¢ =3 V1, coso
Three phase power in delta connection,
Paon = 3V AL coso =13 V1, coso

73

Three phase reactive power,
Py,0or PA) = V3 Vi1, sing
Total apparent power, S=.3 0

j Example-1.1 Three equal impedances (R + jX) connected in delta carry a balanced

line current of I,. The total active and reactive power drawn by these are

(a)
(c)

1,2 Rand 1,2 Xrespectively (b) 31,2 Rand 31,2 Xrespectively
1,2 R/3and I,? X/3 respectively  (d) 1,2 Xand 1,2 Rrespectively
[UPPSC]

Solution: (a)
Per phase impedance, Z=R+jX
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Given, Line current = I,

I

For delta connection, I, = \/§

I 2
Total active power, Pr=3(I)°R= 3(?} R =12R

Similarly total reactive power drawn will be 72X .

1.3 Electric Supply System

station to consumer’s premises is electric supply

e The conveyance of electric power from a power ﬁ:iﬁf\t}ngzgtit\igns
system. m

* An electric supply system consists of three Transmission level Tie Ines to other
principles components i.e. power station, the (220 kV - 755 kV) system
transmission and the distribution system.

i

e Now-a-day, 3-phase 3-wire ac system is
universally adopted for generation and Subtransmission level
. . (33 kV - 132 kV)
transmission of electric power.

—— Large consumers

e However, distribution of electric power is done
by 3-phase 4-wire ac system.

i

e Schematic diagram depicting power system Distribution 4| _IPHTHELY
level | Secondary
structure. !
l l l(415 V/230 V)

Small consumers

Generating Station
e  Station where the electric power is produced.
e  The usual generation voltage is from (11-25 kV).
° Due to several advantages of high voltage transmission, the generation voltage is stepped up at
the generating station.

(Typical AC power supply scheme)

Primary Transmission

e  Generally the primary transmission is carried at 66 kV, 132 kV, 220 kV, 400 kV or 765 kV with help of
3-phase 3-wire overhead system from power plant after stepping up voltage to above mentioned
voltage levels to receiving stations at the outskirts of city.

Secondary Transmission

e  The primary transmission lines terminate at receiving station and here the voltage is reduced to
33 kV/66 kV for further distribution, by step down transformers.

Primary Distribution

° The secondary transmission line terminates at the substation (ss) where the voltage is reduced from
33 kV to 11 kV, 3-phase, 3-wire system.
° Large consumers are generally supplied power at 11 kV for further handling with their own substations.

Secondary Distribution
e The electric power from primary distribution line (11 kV) is delivered to distribution substations (DS).
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e  The substations near consumer step down the voltage to 415V, 3-phase 4-wire for secondary
distribution.

e  Various voltage levels in power system:

Voltage Level Voltage Lines
(a) Low voltage 230 V(1-¢), 400 V(3-0)
(b) High voltage 11 kV, 33 kV
(c) Extra high voltage (EHV) 66 kV, 132 kV, 220 kV
(d) Modern EHV 400 kV
(e) Ultra high voltage 765 kV and above

NOTE 8

e The voltage at the point of commencement of supply shall not vary by more than
= 16% inthe case of the low voltage (upto 250 V) and medium voltage (upto 650 V).

= +6% to 9% in the case of high voltage (i.e. upto 33 kV).
= J_r12%% in the case of extra high voltage (i.e. exceeding 33 kV).

e Anideal transmission line has 0% regulation.

1.3.1 Effect of System Voltage on Transmission

o Power loss in the line is inversely proportional to the system voltage and power factor both.

° Percentage voltage drop in resistance decreases with the increase in the system voltage.

e Weight of the conductor material for the line will decreases with the increase in supply voltage and
power factor.

° Efficiency of transmission, increases with the increase of supply voltage and power factor.

o Higher supply voltages also enhances the system stability.

e  The problems encountered with high voltages are the insulation of the equipment, corona, radio and
television interference.

e  The voltage level of a system is therefore governed by the amount of power to be transmitted and
the length of the line.

1.4 Introduction to Transmission Lines

e  The performance of a transmission line is governed by it's four parameters namely series resistance
Rand inductance L, shunt capacitance Cand conductance G.

e Theresistance Ris due to the fact that every conductor offers opposition to the flow of current.

e  Theinductance L is due to the fact that the current carrying conductor is surrounded by the magnetic
lines of force. The capacitance of the line is due to the fact that the voltage which is always at lower
potential than the conductor and the air between them forms a dielectric medium.

e The shunt conductance is mainly due to flow of leakage currents over the surface of the insulators.

e Theline resistance causes voltage drop (IR volts) and power loss (PR watts) in the line, line inductance

causes voltage drop (2nfLI volts), line capacitance produces a current called “charging current”.

e The performance of the transmission line can be determined by following two parameters:
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(a) Percentage efficiency
(b) Percentage regulation

e Resistance, Ris due to the fact that every conductor offers opposition to the flow of current.

o Inductance, Lis due to the fact that the current carrying conductor has surrounding magnetic lines
of force.

e  Capacitance, Cresults due to potential difference between the conductors and the air serving as a
dielectric medium between them.

e  Shuntconductance G, which is due to leakage over line insulators is almost neglected in overhead
transmission lines.

(A transmission line model)

e  The line resistance causes voltage drop (IR) and power loss (I2R) in the transmission line, line
inductance causes voltage drop (IX, = wLI), line capacitance produces a charging current ().

(a) Efficiency of a Transmission Line

Transmission line

% (/I?:; X0 %
Sending end toss Receiving end
(Ps) (Pr)

o Let a transmission line with Rand X, as series parameters and P, P,respectively are sending and
receiving end powers. Losses inthe line is B . = Ps— Py

° Efficiency of a transmission line is defined as the ratio of power delivered at the receiving end to the
power sent from the sending end.
e Percentage efficiency of transmission line is given by,

%n=P—Rx1OO=mx1OO= i
PS S PR+PLOSS

x100

NOTE 8

e Higher the efficiency of transmission line, better is the performance of the transmission line.
e Anideal transmission line has 100% efficiency (i.e. zero losses) which is not possible practically.

(b) Voltage Regulation of a Transmission Line

o Itis defined as the rise in voltage at the receiving end expressed as percentage of full load voltage,
when full load at a specified power factor is thrown off i.e.

%regulation = Ve = VerL 400
RFL
where, Ven = Magnitude of no-load receiving end voltage
Vg = Magnitude of full load receiving end voltage

e Thisis basically a voltage drop in the line due to resistance and inductance of the line.
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2l \OTE (g
\9 e Anideal transmission line has 0% regulation.
e |ower the voltage regulation, better is the performance of transmission line.
ABCD Parameters:
* Sending end quantities V,, I, can be represented in terms of receiving end quantities V,, I, by
the following equations,

Is IR
+0———— —=—o0+
Y ABCD

s parameters R
—_o0—1 I o-_

o V. =AV,+ Bl
I,=CVg+ DI
where A, B, C, D are the parameters of transmission on line.

. V A BV,
e |n matrix form, =
I C D||I
e (Calculationof A, B, C, D:
ol C=’V—S
Vil <o =0
- % D=§—S
I, V=0 r=0

1.4.1 Classification of Transmission Lines

e  Transmission lines are classified based on three criterion and they are:
(a) Length of transmission line
(b) Operating voltage
(c) Effectof capacitance
e Onthe basis of length of transmission line, transmission lines are classified as:
(i) Shorttransmission line
(i)  Medium transmission line
(i) Long transmission line

Transmission Length of Operating Effect of
lines transmission lines voltage capacitance(C)
Short “ﬁg:miss“’" (0 — 80) km (0 - 20) KV Neglected
Medium (80 — 160) km (20-100)kv | Cislumped
transmission line or concentrated
Long tr?igzmissm (> 160) km (> 100) KV C is distributed
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(A) Short Transmission Line

° Equivalent circuit:

Z
Ig
~MWW—000™
R X
Ve
[ )

V

> N
IrX, Ig o
s
9s or .
In=1g lr=1s Ve IR Vi
(a) (b) (c)

(Phasor diagrams of a short transmission line for same V,and I,
(a) Lagging p.f. (0.7 lag), (b) unity p.f. and (c) leading p.f.

° Sending end parameters:
I, = I
Vo = Vp+ 17
where, Zis ZI, the total series impedance of the line (I being the total length of the line).

Vs 11 2| VR
I,| |0 1]|I4
where, ABCD parametersare A=D,B=2C=0

NOTE 8

e AD-BC=1, hence short line is also a reciprocal network.
e [orashort transmission line, conductance and capacitance are neglected.

° In matrix form:

e [orshortling, line parameters are assumed to be lumped.
e |n general, product of physical length (/) and frequency () for short transmission line:

| 71 <4000 Hz km |

e |n general, product of Fand /is greater than 12000 Hz km for long transmission line.

o o - Vel =1Val
* % Voltage regulation = *————x100
|Vl
where V_ is sending end voltage or no load receiving end voltage and V is full load rated
receiving end voltage.
Further, using phasor diagram (a) and (c),
V, = Vg +|Ig|Rcosog +|I5| X, sindgp ...(For lagging p.f.)

VS = V,q +|[R|HCOS¢H _|IH|XL Sin(]),q ...(For leading p.f.)
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|1,|Rcosdg +|1,] X, sinog

For lagging p.f.: %V.R. = |V | x100
a
. I|R —|Ig| X, si
For leading p.f.: %V.R. = [7a| Rc0s 05 — 1| LSN%a 100
|Val
Condition for zero voltage regulation:
e  Thisis possible at leading p.f. load.
o For zero VR: 15Rcos¢,—1X;sind, = 0
R
tandp = —
= q)R XL
or, 0= tan_1£i]
XL
Condition for maximum voltage regulation:
o Maximum regulation occurs at lagging power factor load.
ie. a4 [Voltage regulation] =0
dog
X
= tangs =
4 X
or, = tan"'| 2L
o= o)
Condition for negative voltage regulation:
e  Thisoccurs at leading p.f.
e  Conditionis, tano, > Xﬁ (leading)

L
° Zero regulation and maximum regulation coincides when 6 = 0.45°. i.e. cos(45°) = 0.707 (lag)

o Power factor has a great influence on voltage regulation, for lagging power factor the regulation is
positive and for leading power factors may even be negative.

Efficiency: It is given by
Power received at receiving end

%n = " —
n Power received at receiving end + losses
%M = szmo
P+3I?R
where, P = Power received at receiving end

R = Resistance per phase of the line

(B) Medium Transmission Line

o In medium transmission lines, the shunt admittance (usually capacitance) is not neglected.
e  Basically these lines can be modelled into two basic circuits:
(i) Nominal n-circuit (i) Nominal-T circuit



Q.1

Q.2

Q.3

Q.4

Q.5

Q.6

Q.7
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For a 500 Hz, frequency excitation, a 50 km long
power line will be modelled as

(a) shortline (b) medium line

(c) longline (d) datainsufficient

An ACSR conductor has a diameter of 2 cm has
internal inductance of 0.05 mH/km. If this ACSR
is replaced with another having a diameter of
8 cm then it’s internal inductance is

(@) 0.2 mH/km (b) 0.05 mH/km

(c) 1 mH/km (d) 0.025 mH/km

The surge impedance of a 50 km long
underground cable is 50 ohm. For a 25 km length
it will be

(@) 250hm
(c) 100 ohm

(b) 50 ohm
(d) none of the above
[UPPSC]

The radio interference in power line and
communication lines are produced by

(a) electromagnetic induction

(b) electrostatic induction

(c) both (a)and (b)

(d) None of the above

Skin effect depends on
(a) frequency

(b) conductivity

(c) relative permeability
(d) all of the above

The main consideration for higher and higher
voltage of transmission is to
(a) increase the efficiency of transmission line
(b) reduce power losses
(c) increase power transmission capability
(d) both (a) and (b) above

[UPPSC]

In EHV transmission lines, bundled conductors
(a) increases inductance

(b) decreases inductance

(c) decreases capacitance

(d) both (a) and (c)

Q.8 Apart from the skin effect the non-uniformity of
the current distribution is also caused by
(a) ferranti effect
(b) proximity effect
(c) stroboscopic effect
(d) any of the above

Q.9 Inanopenended ling, the reflection coefficient
of current is
(@ 0
(c) -1

[UPPSC]

Q.10 What is the approximate value of the surge
impedance loading of a 400 kV, 3 phase, 50 Hz
overhead single circuit transmission line?

(a) 230 MW (b) 400 MW
(c) 1000 MW (d) 1600 MW
[UPPSC]

Q.11 Increasing the length of transmission line will
____thecharging current.
(a) increases (b) decreases
(c) not effect (d) none of these

Q.12 In triangular configuration, inductance and
capacitance values with comparison to horizontal
configuration are respectively
(a) lesser and lesser
(b) lesser and higher
(c) higher and lesser
(d) higher and higher

Q.13 The self GMD of a conductor with three strands
each of radius ‘r and touching each other is
(a) r(0.7788 x 2 x 2)8
(b) r(0.7788 x 2 x 2 x 2)
(c) r(0.7788 x 2x 2 x 2)3
(d) r(0.7788 x 2 x 2)3

Q.14 Thetime interval needed for a surge to travel to
the end of a 450 km long overhead line is
(@) 2ms (b) 1.5ms
(c) 3ms (d) 4.5ms
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Q.15 The ABCD constants of 3 phase line are
A=D=094£1°, B=185482°Q,
C = 0.001£90.5° Q. For the sending end
voltage of 400 kV, the magnitude of receiving
end voltage under no load condition is
(a) 415kV (b) 400 kV
(c) 444 kV (d) 765kV

Q.16 SIL of a transmission line can be reduced by
(a) reducing the resistance of line

(b) increasing the voltage level

(c) addition of lumped capacitance in series

(d) addition of lumped inductance in series.

Q.17 A 3-phase transmission line has its conductors
at the corners of an equilateral triangle with side
4 m. The diameter of each conductoris 1.72 cm.
The inductance of line per phase per km is
(@) 1.278 mH (b) 1.178 mH
(c) 2.15mH (d) 2.356 mH

Q.18 A loss less transmission line segment has
characteristic impedance Z, = 100 Q
electromagnetic wave propagation velocity in the
transmission line v = 0.8 times velocity of light
in vacuum. The frequency of the electromagnetic
wave transmitted is 100 MHz. The phase
constant is B and B/ = w rad, then what is the
length of the transmission line segment [ ?

12n
(@) 24 m (b) Wm
10m
(c) T2 (d)1.2m

Q.19 The propagation constant of a transmission line
is0.15x 10° + 1.5 x 1073,
The wavelength of the travelling wave is

15%x107° on
- = —m
@ =% —m 0O 75507
15x107° n
7m
© ——m @ 75707

Q.20 Which one of the following statement is correct?
Corona loss increases with
(a) decrease in conductor size and increase in
supply frequency.
(b) increase in both conductor size and supply
frequency.
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(c) decrease in both conductor size and supply
frequency.

(d) increase in conductor size and decrease in
supply frequency.

Q.21 The velocity of a travelling wave through a cable
of relative permittivity of 9 is
(@ 9x108m/sec  (b) 3 x 10® m/sec
(c) 1x108m/sec  (d) 2x 108 m/sec
[UPPSC]

STUDENT'S
> ANSWER KEY / ASSIGNMENT

1. (0 2. (b) 3. (b) 4. (o) 5. (d)
6. (d) 7. (b) 8. (b) 9. (c) 10. (b)
11. @ 12.(b) 13. (@ 14. (b) 15. ()
16. (d) 17.(a) 18 . (d 19. (b) 20. (a)
21. (o)

) HINTS & SOLUTIONS // , STUPENTS

K ©
- fx 1 =500 x 50 = 25000 Hz km
Clearly fI > 12000 Hz km, hence the power line

will be modelled as long transmission line.

Ej ©

Internal inductance,

Lint = % H/m
where w =, W,
Thus L, = u,, where u, = relative permeability.
So, internal inductance is independent of size and
depends only on permeability of the medium.
i.e., Ly =L =0.06 mH/km

|
[ 3. [Q)
Surge impedance of T-line is independent of

length of the line. Hence for 25 km length, it will
be 50 ohm.

[ 4. @)

(i) Electromagnetic induction: Current flowing in
the power line produces magnetic flux linkage

int1
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with the communication line conductor or power
line conductor induces an emf in nearby
telecommunication line.

(ii) Electrostatic induction: Due to earth effect
electric field is produced by charges of earth
induces voltage in between the conductors of
lines.

Both effects causes interference to the
telecommunication signals which is called radio
interference.

[ 5. Q)

e Skin effect is inversely proportional to skin
depth.

;
e Skin effect o<
Jrfuc

where, = frequency, u = u,u,
u, = relative permeability, ¢ = conductivity.

(b)
With use of bundled conductors, self GMD/GMR
is increased and hence inductance is reduced
while capacitance increases.
[ o In( Mutual GI\/IDJ
Self GMD

B ©

Reflection coefficient of current when receiving end
is open circuited is p, = —1.

[10.[0)

Value of Z_ is 400 Q for single circuit overhead

line.
| . V2
Hence, surge impedance loading (SIL) = VA
S
, (400x10%)?
= ——"=400MW
ie., SIL 200
(1. Q)
Charging current,
LoV
c XC
1 1

¢~ wC 2nfC 1

UPPSC-AE

1

i.e., XC oc ;
So, I=0ClV
12.[0)
d
Inductance, L= M?OH’I(FJ H/m
me
Capacitance,  C= |- ( d;)r) F/m

In triangular configuration, distance between the
conductors (d) is smaller than in horizontal
configuration, hence inductance is less while
capacitance is higher.

13,8

1

B

Self GMD = [(Self GMD), x (Self GMD),
(Self GMD),]"®
Now, (Self GMD), = (Self GMD), = (Self GMD),
(0.7788 rx2rx2n)'s
r(0.7788 x 2 x 2)18
So, self GMD of given configuration
= Self GMD of any one strand
= r(0.7788 x 2 x 2)'3

14 Q)

_ Length

~ Velocity

As speed of surge is the speed of light i.e.,
3x 108 m/s

Time

450x10°
3x 108
=15%x103%s=15ms

Hence, t=

158

Under no load condition, /=0

. Vg = AVp + BI,

Given, Vg = 400 kV
A=09s1°
Ve="7

= Vg = AVy
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