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ANNEX-8

CLASSROOM LESSON ON POWER



- POWER --

Introduction

» Purpose

»To acquire fundamental knowledge on evaluation
and inspection of projects
> To understand what kind of thing the itcm described to
BoQ is
> To understand which equipment is what and what kind
of function it has at thc time of site inspcctions

»To have a certain level of knowledge about the
technical terms which will be used by the staff of EDTL
or the contractors

Classroom Lesson (Power) —1- English
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No. Contents
1 Introduction
2 Power Station (Diesel)
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4 Transmission Line (Transmission System)
5 Distribution Line (Distribution System)
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Power System Operation and Control
9  Others

The contents may be changed depending on conditions.
I would like to discuss about the contents with Mr. Miguel and YOU.
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I. INTRODUCTION

1. Introduction

» Power System provides vital service to the society.

» Electrical power is somewhat like air we breathe: We
think of it only when it is missing.

» Modern society cannot exists without electricity.

» Therefore, it should be operated with the goal of
achieving

Highest reliability standards
Lowest operational cost

Minimum environmental impact

Classroom Lesson (Power) -3- English



2. Historical Background

1882: Power station at Pearl Station New York
by Edison supplying power to 59 consumers.

1889: AC transmission line 4kV, single phase,
in north America between Willamette falls to
Portland by Westinghouse.

1893: First three phase line in Southern
California.

1954: HVDC transmission system by Swedish
Power Board.

Protection System

Transmission Distribution Load

Classroom Lesson (Power) —4- English
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3. Power System Components (3)

Power Sta

Generation

Main Intake/Large Transmission System (Grid System) (150kV)

Sub-Station

Transmission
Reduce the voltage Sub-Station
20kV
Distribution
Sub-statio Sub-station Rural Transformer
Industrial: Commercial: Residential
Factory, Industries Towns, Offices Loads

3 phase - 380V, single phase - 220V

3. Power Sys

» How power gets to you?

tem Components (4)

THE POWER PATH: HOW POWER GETS TO YOU

STEP-UP HIGH-YOLTAE  STEP.DOWN  DSTRIBUTION STEP-DOWN  SERVICE Y
PLAN RANSFORMER ~ RANSMSSIO  TRANSFORMER LNES RANSFORMER  LINES
L
wltage
voltage L hage duareased
voltage decreased -
mcreased # %
e g
- \ o ——
. ] ! 1
- N Al
.

1 Apower 2 Atthepant 3 tosend t on
p ant .reates  atransformer  d stances across
elect cty ncreases ts g -vo tage

Vo tage transmission lines...

N ey TOwy . -
B e T .
e
- \/v@
- Teugo Hoo“
\4 R —

4. t0astep-down 5. lt'sthen  6.totransformers 7. Local service 8 for

transformert at  sentouton  that reduce the lines, reduce you
lowers the voltage  distribution  voltage again for  the voltage ta se
foranarealikea  lines a neighborhood. once more

city or town,
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3. Power System Components (5)

At power generating station (generating
voltage) 2 11 — 20kV and frequency of 50
Hz

Transform to higher voltage (transmission
voltage) 2 150kV

Transform to lower voltage (distribution
voltage; middle voltage) 2 20kV
Transform to lower voltage (distribution
voltage; low voltage) 2> 380V

4. Power Generation (1)
Power generation takes place in power plants which may
be geographically dispersed.
Power plant may house more than one generating unit.

Sources of Energy-

Hydrocarbons (Oil, coal, natural gas, etc.)

Water Solar
Nuclear Wind
Chemical Tidal

Classroom Lesson (Power) —6- English
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4. Power Generation (2-1)

»~ POWER PROFILE(]) : WHAT ARE THE ADVANTAGES AND
DISADVANTAGES OF EACH POWER SOURCE?

Energy Availability Cost To Produce|By Products
Electricity
COAL Plent” ul now, but | Low at existing plants, but | A emissions such as sulfur
nonrenewable. It 15 | 1ew plants are d' ficult to | dioxide, 1 1troger oxide, carbon
estimated that we have | b uld. Fuel costs are low. dioxide ar d j art1 ulate, or ash.
several  hundred 1 re
vears worth of coal supply
Ol Plent” ul now, bu | Expensive and d ficult to | A emissions such as sulfur
nonrenewable. Experts | get out of the ground or |dioxide, nitrogen  dioxide,
disagree on how lot g our | buv rom other countries. |carbon dioxide, carbon
supply will last. monoxide and particulate, or
ash.
NATURAL |Plent ul now, and we mav | New } lai ts are moderately | Cleaner than other fossil fuels,
discover more, bu 1 18 |exyersive to build, but uel | but still produces aw
GAS nonrenewable. ss ar be high. Fuel |emissions, such as nitrogen
prices vary, but have|oxide, carbon monoxide and
cot sister tly gote up . carbon dioxide.
NUCLEAR | The wanium used as uel | Vervlow at existugjlaits, | No air emissions, but spent
FISSION is plentiful ard|bit  1ew jlarts are|fuel rods must be stored
sign’ icantly cheajer thar |exjersive ard comjplex to|carefully for many vears,

coal, but nonrenewable

b uld

because their radiation can be
dangerous.

4. Power Generation (2-2)
~ POWFER PROFILF(2)

Energy Availability Cost To Produce|By Products
Electricity
HYDRO Renewable, but limited by | Very low at existing plants, | No air emissions, but a dam
POWER the number of suitable |but new plants are |changes the river environment
- river locations, and the | moderately expensive to |for fish and other animals, and
water flow at  those | build. changes the natural look and
locations. flow of rivers.
WIND Renewable, but only works | Wind  is  free.  Wind [ No air emissions, but wind
POWER when the wind blov&fs. turbings are queratel_\' turbines lxlgke I)Oise and some
- Wind farms must be built | expensive to build and |people dont like how theyv
in windy locations. maintain, and new |look. Theyv also may jure
transmission lines may | birds, but can designed to
need to be built. minimize this.
SOLAR Renewable, but only works | Sunhght 1s ree, but solar [ No awr emissiors, but many
ENERCY whep the sun is shining, |cells are expensive, and |solar cells i an array may
2N 1 and is also affected by the | produce only small | requuire large areas of space.
brightness of the sunlight. | amounts o electricity.
BIOMASS |Plent'ul and renewable, | Trash 1s expersive to|Small amounto aw emissiors,

but requires lots o trash
for fuel.

transjort and sort, ard
new plants are expensive
to build.

which  varv by di erert

biomass fuel sources.
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4. Power Generation (3-1)

» How are power sources converted to electricity?
FROM STEAM

STRIBUTIg,

FUE STEAM GENERATOR  TRANSFORMER & You

- \ i'
£

P . \
1 Heat s IS
created by:
 huming

coal, o',

natural gas, 2 toboi water 3. Steamtums 4. which spin S. Atransformer 6. distribution 7. for you

biomass trash to make steam.  the hlades of generators to ncreases the nes Theniocal  to 1se
eorsplittn ato s huge turbines. . create electric'ty  valtage to send transformers

in nuc ear fission eectricity over..  reduce the voltage...

4. Power Generation (3-2)
» How are power sources converted to electricity?
FROM WATER
STRIBUT
TURBINE N RA OR TRANSFORME;/ &
." : /’§ .

AN

-
'\.
1. Waterbacks 2. thenfa sthough 3 totm 4. chspin 5 Awansformer 6. distribution 7. toryou
up nanve t bes adam.. the b ades of generators o ncreases the lines. Then oca o use.
ge turbines ceateelectrc'ty wvoltage to send trar sformers
electy city ave . reduce the voltage...
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4. Power Generation (3-3)

» How are power sources converted to electricity?
FROM NATURAL GAS

R BU
0\5‘ TIO,V

NAT RAL GA3 STEAM or ENGINE GENERATOR  TRANSFORMER 5 you
RYA

1 Natural 2 inaboilerto 3 ortopoweraturbineengine 4 The in 5 Atransformer 6 distribution 7 for yon

gasispiped tun waterinto  similar lo a jet engine. The heat Sp generators ncreae te Ines The oca touse

mandb med steamwhich  fomtheengnemayasobe sed toceate voltage to send 1 anstorme s

et er tuns he la es totun water nt sten wheh ee rety ele cty ve ted e ev lae

ofatubire. tunsanotiertwb e asyouseehe e

4. Power Generation (3-4)

> How are power sources converted to electricity?

FROM WIND
\GTREBUT 0
WINDMILLS GENERATOR  TRANSFOR ER v
7
o %
T
- A
. ) L
z - _—
. -
A
Wind 2 acrosstal 3 otun 4w ichsp 5. Atransformer €. distribution 7. foryou
windmills 1 bades of generators nereases the I'nes Thenlocal  touse

e turbines reateee 1y voliage to send transformers
electric tyover . reduce the voltage...
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4. Power Generation (3-5)

~ How are power sources converted to electricity?

FROM SOLA
0\51 R BUT/O,V
L BATTERY
/\ /\ /\ /}\ :
- S~
T
g Copt TEo
= -
. e%ee 47{:;\ o ;z\ .
T T iy ] d
\‘\.\_’::_;7 - ‘v/\‘: e

- \

When 2 onasolarcell 3 Solarce saecombined 4.Acontro er 5 Youmay 6 Somemay 7. Extra electric'ty

tesun ooseeection 1@ it solarpanels, which  determines where usesomein bestored n  may be distributed
shnes . createdw chfiow maybeputo buildings,  electrcity from your home,  a battery for  to your electr'c utility
tocreate e ect ¢ty or in large groups called the panels 15 used. future use for othe people to use.

arrays t ¢ eate mare power.

S. Transmission System(1)

Lines transformers operating at voltages above
100 kV are usually called the transmission
system.

Consists of Transmission Line and Sub-stations

Classroom Lesson (Power) —10- English
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S. Transmission System(2)

» Power Transmission Equipment
Step-up and Step-down  Shunt and series reactors and

Power Transformers. capacitors
» Voltage regulator »Lightning arresters
» Phase shifter »Protective relays

» Transmission lines and ) Fact devices (SVC, Statcom

>

cables TCSC, etc.)
Circuit breakers and Converter and Inverter
1solators

6. Distribution System(1)

Lines transformers operating at voltages below 100 kV
are usually called the distribution system.

Part of the electric utility system between the bulk
power source and the customer service entrances

(loads).
Receives electrical energy from HV MV levels

Supplies energy to the consumers AtV LV levels
and Single phase or three phase

20kV, 380V and 220V

Classroom Lesson (Power) —11- English



6. Distribution System(2)

~ Distribution System Equipment

Distribution transformers

v

» Feeders (overhead or underground cabl
» Switches, fuses, etc.

» Protective relays

v

Lightning arrestors

» CT PT

es)

Supplies to rural
communities are
reduced from 20kV
to domestic voltages
(380/220V) by pole
mounted
transformers.

I1. QUICK REVIEW OF

BASIC POWER ENGINEERING

Classroom Lesson (Power) —12-

English
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1. Voltage

Measured in Volts (V)

Electromotive force or

potential between two Electrical potential
pOll’ltS nmu) a fve wit 230 has pot
Iuwluﬁlrnnoml aw:;ul: %:v;eﬁngm:g
uuonouoa v
Reference = ground é* 5" oo o g e
(0 Volts) I

Common analogy

Voltage is comparable

Ground = 7010 potomal

to water pressure in a
pipe. The pressure is
available to cause the
water to flow if a valve
1s opencd.

1ICA Technical Assistance Team

2. Current

Measurcd in Amps

(A)

Referred to as “I”

electrical cquations Electricnty - basic concepts

Flow of clectrons @ sctions felectnaty) keveling efong a wse
through a circuit "o .00 0. 0 0000 o
Watcr Analogy slecincty fiow can be coripared to weder fow - if

- PHIBSUIS IS RpPIRO Bt o7 @ ¥nd ol a pide (¢r wue)
thon wacor (or clocticity) wil Eow out tho cther end

Amount of water
flowing through
a pipc comparable

to current flowing s Fom 0 o> pe

in an electrical
circuit

1 CA Technical Assistance Team
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— English
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3. Resistance
Measured in ohms (Q2)

Referred to as “R” in
clectrical equations Current flow = amperage
0

proundt
How casily electricity N
can flow through a g
circuit vetogo 9 1wairmice

Dependent on physical @,,,,,,m,.,,,

properties of the circuit o emperege
(i.c. size of wirc) " o
ground,
Water analogy N
smal shorl

Smaller diameter veiogo i farme s ng s

pipes allow less =

water to flow than ©:wm @mmog;;’:&n

larger diameter

pipes

1ICA Technical Assistance Team 27

4. Ohm’s Law

» Voltage = Current x Resistance (V =[x R)
» Current = Voltage Resistance (I=V R)
» Examplec:

» Voltage =120V

» Resistance = 10 ohms

» Current flowing through the circuit =120 10 =12 Amps

12 Amps

E—

120 Vo ts
10 ohms

1 CA Technical Assistance Team

Classroom Lesson (Power) —14- English
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5. Power

» Measured in Watts (W)

» 1,000 W = 1 kilowatt (kW)

» 1,000,000 W = 1 Megawatt (MW)
» Power = Volts x Amps =V x |

» Amount of electricity being consumed at some
moment in time

Commonly referred to as “demand”

Commonly “integrated” or “averaged” over some
time period — 15 minutes. 30 minutes. 60 minutes

An examp e of Da’ y Power Curve
2000
1800
1600
1400
1200

1000

Power (kW)

800
600
400
200

0
12 3 45 6 7 8 9 1011121314 51617 18 19 20 24 22 23 24

Hour

15
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6. Energy

» Measured in Watt-hours (Wh)

» 1,000 Wh = 1 kilowatt-hour (1 kWh)

» 1,000,000 Wh = 1 Megawatt-hour (1 MWh)

» 1,000,000,000 Wh = 1 Gigawatt-hour (1 GWh)
» Power consumed over time

» Example: A 100 Watt bulb left on for 10 hours =
100W x 10h = 1,000 Wh = 1 kWh consumed

Area under the power curve

Power (kW)

An examp e of Da’ y Power Curve
2000
1800
1600
1400
1200 -
1000
800 Energy = sum of average kW consumed for each hour in
600 the time period being evaluated.
00 Energy = 1192 kW x 1 hour + 1164 x 1 hour + .... + 1186
200 x 1 hour =32,629 kWh
0
2 3 45 6 7T 8 910 12 13 14 15 16 17 8 19 20 21 22 23 24
Hour

16
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7. Load Factor(1)

» Measure of energy utilization (use of resources)
» Ratio of average demand to peak demand
» LF = average demand peak demand

» Also expressed as the ratio of energy delivered
over a given time period to the amount of energy
that could be delivered

LF = energy delivered (peak demand x hours)

An examp e of Da’ y Power Curve
2000
Peak Demand = 1774 kW
1800
1600

1400

2 1200
X
5 1000
2 Load Factor = energy delivered / (peak demand x hours)
& 800
600 =32,629 kWh /(1774 kW x 24 hours)

400
=76.6%

200

0
12 3 46 6 7 8 9 0 21314 1516 17 18 9 20 2 22 23 24

Hour

Classroom Lesson (Power) —17- English
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500

450

400

350

«
o
(=]

Power (kW)
N
3

Poor Load Factor Example

Peak Demand = 437 kW
Load Factor = energy delivered / (peak Have to install electrical
demand x hours) facilities in the field to
serve the peak demand;
= 2,939 kWh /(437 kW x 24 hours) however, in this example

these facilities are not
being utilized very
effectively.

1 2 3 45 6 7 8 9 1011 12 3141516 7 18 19 20 21 22 23 24
Hour

7. Load Factor(2)

» Typical Load Factors
» System = 50°%0 - 70%

» Residential = 50% - 70%

» Small Commercial = 30% - 40°

» Large Commercial = dependent on type of operations

» For consumers with low load factors a retail rate
factors, with a demand charge may be justified.

Demand charge recovers the cost of the facilities
installed in the field to meet the peak demand

Classroom Lesson (Power) —18- English
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8. Impedance

For Alternating Current (AC) systems, the
resistance (R) 1s actually comprised of a resistive
component and a reactive component and referred
to as the impedance (7)

»7Z R X
» R = resistive component
» X = reactive component

Reactive component can be an inductance or a
capacitance

9. Reactance

Typical loads served include resistive and inductive loads
» Incandescent light = resistive load
» Electric resistance heat = resistive load
» Motors = inductive load

» Compact Florcscent Lights = partially an inductive load

The reactive component of an impedance is undesirable
because it causes current to flow through the system that
does not do any useful work.

Non-uscful work mecasured in VARs

1,000 VARs = 1 kVAR

Classroom Lesson (Power) —19- English
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10. Power Factor

Power factor helps to describe how much of the
current flowing through a circuit is performing
useful work.

A power factor of 1.0 means that no current is
flowing to serve reactive loads — amount of current
required i1s minimized and the efficiency of the
system is maximized

A power factor < 1.0 means that there is some
amount of undesirable reactive current flowing

11. Apparent Power and True Power(1)

Recall that Power = Volts x Amps

This formula actually calculates the “apparent power”
in AC systcms

Gives results in Volt-Amps (VA)
1 000 VA =1kVA
True Power = Volts x Amps x Power Factor
» Gives results in Watts ( W)
» 1,000 W =1kW
» For a powecr factor of 1.0, true power = apparcnt power

kW = kVA x pf ; kVA = kW pf

Classroom Lesson (Power) 20— English
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11. Apparent Power and True Power(2)

True power (kW) that does
useful work can be compared
to the beer in the mug

The non-useful power (kVAR)
can be compared to the foam

» Beer Analogy

The Beer Analogy

The apparent power (kVA)
can be compared to the
capacity of the beer mug
which is required to hold both
the beer and the foam

11. Apparent Power and True Power(3)

» Example:

A 10 kW load with a power factor of 1.0 = 10
kVA (kVA=kW pf=10 1.0=10kVA)

For a power factor of 0.8, the apparent power =
12.5kVA (10 0.8)

A 10 kVA transformer serving this load would
be 100°0 loaded at a power factor of 1 0 and
125%0 loaded at a power factor of 0.8

Therefore, investment in additional system
capacity is required to serve loads with power
factors < 1.0

Classroom Lesson (Power) -21- English
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12. Correcting Power Factor

Inductive kVARs can be cancelled by adding an
equal amount of capacitive kVARs.

This is why capacitors are added to power
systems

Because inductive loads on the system vary
over time, some portion of the capacitors added
to the system may be required to be switched in
and out as the inductive load increases and
decreases.

Too many capacitors on the system are just as bad
as not enough capacitors

kVAR

700

600

500

400

300

200

100

0

-100

Fixed Capacitors = 300 kVAR
(always on)

Switched Svitched
Capacitors Capacitors
Added Added

12 3 456 7 8 101 121314 1516 17 18 19 20 2 23 24

Hour

System kVAR Capacitors Added Net System kVAR
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13. System Losses(1)

System Losses  knergy purchased FEnergy sold

As %o of Energy purchased:
System losses
FEnergy purchased

CAUTIONI!!!
Difference in time and load when consumer meters
are read compared to when substation meters are
read can lead to errors in loss calculations.

13. System Losses(2)

Total losses from generation to member consumer
can be 10%0 to 20°, (distribution system losses are
typically 5%0 to 10%)

Two types of losses
Load losses — change with load

No-load losses — constant regardless of load

Classroom Lesson (Power) -23- English
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13. System Losses(3)
»Load Losses

Current flowing through a resistance yields losses in

the form of heat
» Losses (power) =V x |
» Recall from Ohm’s law that V. I x R
» Therefore Losses=(Ix R)x I =I? x R

» From this formula we can see that losses increase
exponentially with current. Anything we can do to
lower current will have a dramatic effect on
lowering losses.

Reducing current by !z will reducc losses to !4

13. System Losses(4)

> No-Load L.osses

» Core losses of transformers
» Come from magnetizing transformer cores

» Essentially constant; however, core losses do vary
with the voltage applied to the transformer

Classroom Lesson (Power) —24- English
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» System Losses: Contributors

13. System Losses(5)

» Substation Transformers Wh'ch 's the b'ggest
» Line Voltage Regulators contr’butor?
» Pri. & Sec. Conductor o
» Capacitors °
» Distribution Transformers

Area of System Losses as a % of Total System Energy

Requirements

Substat’on Transformers and Regu ators 1.0
D'str'but’on L'nes and Regu ators 3.5
D’str'but’on Transformers 2.5
Secondary and Serv'ces 1.5
Meter'ng Equ pment 0.5
Tota System 9.0

HI. INTRODUCTION TO
ELECTRIC POWER

TRANSMISSION & DISTRIBUTION

Classroom Lesson (Power) -25- English
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1. Introductory Question

» hlectric power reaches our city via high voltage
transmission lines. What fraction of the electric
charges traveling on those transmission lines
pass through this room?

A. About 1%
B. About 0.01°%
C. Exactly 0%

2. Observations

» llousehold electricity is alternating current ( \C)

» llousehold voltages are typically 120V or 240V
(Here, 220V)

» Power is distributed at much higher voltages

» Power transformers are common around us

» Power substations are there, but harder to find

Classroom Lesson (Power) 26— English
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3. 4 Questions

» Why isn’t power transmitted at low voltages?
» Why isn’t power delivered at high voltages?
» What 1s “alternating current” and why use it?

» llow does a transformer transfer power?

4. Question 1

» Why isn’t power transmitted at low voltages?

Classroom Lesson (Power) 27— English
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5. Electric Power and a Wire

> \n electric current passing through a wire
converts electrical power in thermal power
power wasted = current - voltage drop 1n wire.

» Since the wire obeys Ohms law,
voltage drop 1n wire = resistance * current,

> the power that wire wastes is
power wasted = resistance - current?.

» Doubling current quadruples wasted power!

25/5/2013

6. Clicker Question

» Two long wires will carry electrical power most
efficiently from a generator to a community if
the voltage difference between the wires is

\. large and the current they carry 1s large.
B. large and the current they carry 1s small.
C. small and the current they carry 1s large.

D. small and the current they carry 1s small.

Classroom Lesson (Power) —28- English
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7. Large Currents are Wasteful

» The goal of a power distribution system is to
transmit lots of electric power to a city,
power transmitted = current - voltage drop at city,
» while wasting little electric power in the wires
power wasted = resistance - current?.
» That energy efficiency can be achieved by using
e a small current,
* a huge voltage drop,

* and low-resistance wires.

8. Question 2

» Why isn’t power delivered at high voltages?

Classroom Lesson (Power) 29— English

25/5/2013

29



9. High Voltages are Dangerous

» When large voltage drops are available,
> strong electric fields are present,

» charges experience enormous forces,

> and currents tend to flow through unexpected paths.

» High-voltage electrical power in a home is
> a spark hazard,
» a fire hazard,
» and a shock hazard.

10. The Voltage Hierarchy

» large currents are too wasteful for transmission
» 1ligh voltages are too dangerous for delivery
> So electric power distribution uses a hierarchy:
> high-voltage circuits in the countryside
» medium-voltage circuits in cities
» low-voltage circuits in neighborhoods and homes

» Transformers transfer power between circuits!

Classroom Lesson (Power) -30- English
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11. Question 3

> What is “alternating current” and why use it?

12. Alternating Current (AC)

» In alternating current,

> the voltages of the power delivery wires alternate

» and the resulting currents normally alternate, too.

» \lternating voltage here

» completes 50 cycles per second, 5, <" S~

» reversing every 1 100 second.

<4— Th's f'gure shows
. 60 cyc es per
second

255 2013 1 CA Technical Assistance Team

Current
~,
-V Currant Toaster
Current

S~

~y
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13. AC and Transformers

» \C has little effect on simple electric devices
(e.g., lightbulbs, space heaters, toasters)
» \C 1s a nuisance for electronic devices
(e.g., computers, televisions, sound systems)
» \C permits the easy use of transformers,
» which can move power between circuits:
» from a low-voltage circuit to a high-voltage circuit

» from a high-voltage circuit to a low-voltage circuit

14. Question 4

» llow does a transformer transfer power?

Classroom Lesson (Power) -32- English

25/5/2013

32



15. Electromagnetism

» Magnetic fields are produced by

» magnetic poles (but free poles don’t seem to exist),

» moving electric charges,

» and changing electric fields [more later .
» Electric fields are produced by

> electric charges,

» moving magnetic poles,

» and changing magnetic fields.

16. Electromagnetic Induction

» Moving poles or changing magnetic fields
» produce electric fields,
» which propel currents through conductors,
» which produce magnetic fields.

» Changing magnetic effects induce currents

» Induced currents produce magnetic fields

Classroom Lesson (Power) -33- English
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17. Lenz’s Law

» Lenz’s law predicts the nature of the induced
magnetic frelds:

“When a changing magnetic field induces a current
in a conductor, the magnetic field from that
current opposes the change that induced it.”

18. Transformer

> \lternating current in one circuit can induce an

alternating current in a second circuit
> \ transformer
> uses induction
Iron core
> to transfer power

between its circuits Q
» but doesn’t transfer pim Sacondary
circui creunt
any charges between f2v 120V

. . . Isolation tz wsformer
1ts circutts

8 turns 8 tumns
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19. Current and Voltage

» A transformer must obey energy conservation
» Power arriving in its primary circuit must equal
power leaving in 1ts secondary circuit
» Since power is the product of voltage - current,
» a transformer can exchanging voltage for current

» or current for voltage!

20. Clicker Question

»If you increase the number of turns of wire in
the secondary coil of a transformer, each charge
traveling through that wire will expertence

A. the same forward force for a longer distance.
B. a larger forward force for a longer distance.
C. a larger forward force for the same distance.

D. the same forward force for the same distance.
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21. Step-Down Transformer

» \ step-down transformer
> has relatively few turns in its secondary coil
» so charge 1s pushed a shorter distance
» and experiences a smaller voltage tise

» \ larger current

at smaller voltage

. _ Halogen
flows 1n the , bulb

d . . Prim Secondory
o circui arcun
secondary circutt 120 Y

Step-down
30turns  tronsformer 34,0

22. Step-Up Transformer

» \ step-up transformer
» has relatively many turns 1n its secondary coil
» so charge 1s pushed a longer distance
» and experiences a larger voltage rise

» \ smaller current

»at larger voltage

. Neoon

» flows in the U o
A 5 Prim _Secondary

»secondary circuit % 20w

Step-up
St vansfommer 35,
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23. Transmission & Distribution

» \ step-up transformer increases the voltage for
efficient long-distance transmission

> \ step-down transformer decreases the voltage
for safe delivery to communities and homes

High-voltage
core cross-country on core
lines
—— >
o ] I g
8 2 b

E 3 E §

= -

B —t— I
Steprup Step-down

Bturns  transformer 80O turns 800 turns  transformer 8 turns
al power plant near communities
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24. Introductory Question (revisited)

» Flectric power reaches our city via high voltage
transmission lines. What fraction of the electric
charges traveling on those transmission lines

pass through this room?

\. About 1%
B. \bout 0.01%
C. Fxactly 0°0
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25. Summary

» Electric power is transmitted at high voltages
» Electric power is delivered at low voltages

» 1ransformers transfer power between circuits
» Transformers require \C power to operate

» The power distribution system is \C

Thank You very much!
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IV. POWER STATION

1. Introduction

Electricity generation is the process of generating
electricity from other forms of energy.

This is achieved with the help of suitable power
producing units, known as Electric Power Generating
Stations, Power Stations or Power Plants.
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2. Electrical energy generation
arrangement

For electrical encrgy to be generated we need an cfficient
arrangement of the tollowing parts:

® Prime mover:

> The part of the electrical generating system responsible in converting
other forms of e¢nergy into rotating mechanical one.

Example: Stcam turbine converts heat energy into mechanical energy.
m Alternator:

> The part of the electrical generating system responsible for
converting mechanical energy into clectrical energy.

These working together in a closed system are called:

Prime Mover - Alternator Combination

3. Power Generation Fundamental
Problem

Electrical energy 1s the most used form of energy
everywhere.

Electrical energy is a result of conversion from other
forms of energy that are abundant in nature.

Unfortunately, bulk storage of electrical energy for a long
duration is not possible yet.

This 1s the fundamental problem in electrical energy
generation.

Electrical energy must be generated and transmitted
to the point of consumption at the instant of demand.

This instant 1s usually less than a second.
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4. Sources of energy

> The three most prominent sources of energy are:
¢ Fucl power (Fossil fuel power)
¢ Hydro power

¢ Nuclear pow

Int'a cost Lowest H'gh H'ghest
Runn’ng cost H'ghest Low Least
Reserves ‘m'ted permanent Abundant
Clean ‘ness Lowest H'ghest Low
Simpl'c'ty comp ex s'mplest Most comp ex
Rel'ab™ 'ty Low Hg est Hgh

29 6 2013 JICA Technical Assistance Team

5. Hydroelectric Power Station
A hydroelectric power station uses potential energy of
water at high level for generating electrical energy.

It is generally located in hilly areas where dams can
be built and large water reservoirs can be obtained.

This power station can be started and stopped easily
and fast to produce large amounts of electrical energy.

29 6 2013 1 CA Technical Assistance Team
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6. Hydro Power Station Arrangement

The most important constituents of this power station are:

Reservoir: It 1s where water 1s stored for use as and when
needed.

Penstock: This is a conduit that carry water to the turbines.
They are made of reinforced concrete or steel.

Water turbine: It is used to convert hydraulic energy into
mechanical one. Pelton, Francis and Kaplan turbines are the
most used types.

Generator: It 1s used to convert rotational mechanical
energy from the turbine through the shaft into electrical
energy.

Draft Tube: It is the outlet of water to downstream.

7. Schematic arrangement of a Hydro
Power Station

pmm————————
ower transmission cables
- -
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’ Dam Sluice \
( Transformer gates
\s-___,¢ il S
Power house \'
~ Ny agm o ’,
Generato Pl
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8. A Typical Turbine And Generator

Generator
E =
Stator / E @
Turbine
Rotor Generator Shaft
Turbine

Wicket
Gate

Turbine Blades

9. Advantages of Hydro Power Station

It requires no fucl as water 1s used for the generation of clectrical energy.
It is quite neat and clean as no smoke or ash is produced.

It requires very small running charges because water is the source of energy
which is available free of cost.

It is comparatively simple in construction and requires less maintenance.

It does not require a long starting time like a steam power station. In fact,
such plants can be put into service instantly.

It is robust and has a longer life.

Such plants serve many purposcs. In addition to the gencration of electrical
energy, they also help inirrigation and controlling floods.

Although such plants require the attention of highly skilled persons at the
time of construction, yet for operation, a few experienced persons may do
the job well.
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10. Disadvantages of Hydro Power
Station

It involves high capital cost due to construction of
dam.

There is uncertainty about the availability of huge
amount of water due to dependence on weather
conditions.

Skilled and experienced hands are required to
build the plant.

It requires high cost of transmission lines as the
plant is located in hilly arecas which are quite
away from the consumers.

11. Pumped Storage Scheme

Pumped storage schemes are a convenient way of storing
large quantities of energy which can be used during
emergency or peaking times.

Operation:

During off-Peak hours, the plant draws electric energy from the
clectrical grid & uses that to pump water to the upper reservoir.

When Peak time comes, the water from the upper reservoir is
released & electric energy is generated in the lower reservoir.
This cycle is repeated daily.

By their nature, pumped storage schemes cannot be used as base
load power stations.

These are strictly used for peak time supply as they can be
brought on-line quickly.
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12. Pumped Storage Principle Diagram

Peak Time: Water flows  Oft-Peak Time: Water pumped uphill
downhill through turbincs escrvoir for tomorrow’s use
producing clectricity

13. Nuclear Power Station

A Nuclcar power station uses nuclear cnergy for gencrating
electrical cnergy.

[t can be used to produce large amounts of electrical cnergy.
It is generally located far from populated arcas.

It can be used as basc load
power stations.

This is because it can take
several days to be warmed up
and brought on-line.
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14. Schematic Diagram for Nuclear
Power Plant
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15. Advantages of Nuclear Power
Station

The amount of fuel required is quite small. Thercfore, there is a
considerable saving in the cost of fuel transportation.

A nuclear power plant requires less space as compared to any other type of
the same sise.

It has low running charges as a small amount of fuel is used for producing
bulk electrical encrgy.

This type of plant is very economical for producing bulk clectric power.

It can be located near the load centres because it does not require large
quantities of water and need not be near coal mines. Therefore, the cost of
primary distribution is reduced.

There are large deposits of nuclear fucls available all over the world.
Therefore, such plants can ensure continued supply of electrical energy for
thousands of years.

It ensures reliability of operation
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16. Disadvantages of Nuclear Power
Station
The fuel used is expensive and is difficult to recover.

The capital cost on a nuclear plant is very high as compared to other types
of plants.

The erection and commissioning of the plant requires greater technical
know-how.

The fission by-products arc gqncrallY radioactive and may causc a
dangerous amount of radioactive pollution.

Maintenance charges arc high due to lack of standardisation. Moreover,
high salaries of specially trained personnel employed to handle the plant
further raise the cost.

Nuclear power plants are not well suited for varying loads as the reactor
docs not respond to the load fluctuations etticiently.

The disposal of the by-products, which arc radioactive, is a big problem.
Theyhhave either to be disposed off in a deep trench or in a sea away from
sca-shore.

17. Fossil Fuel Energy Power Stations

Those power stations which convert chemical
energy of fossil fuel (coal, oil etc.) into electrical
energy are called thermal power stations.

According to the prime-mover employed for
driving the alternate, thermal power stations may
be broadly divided into the following three
important types :

Steam Power Stations
Gas Turbine Power Stations

Diesel Power Stations
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18. Steam Power Station(1)

A steam thermal power station uses heat energy
generated from burning Fossil Fuel (coal, o1l...) to
produce electrical energy.

This type 1s widely used around the world.

This is the cycle of the steam produced in the boiler,
then taken to the Steam Turbine (prim mover).

From the turbine the steam is cooled back to water in
the condenser, the resulting water is fed back into the
boiler to repeat the cycle.

Because of the abundance of fuel (coal), this kind of
power station can be used to produce large amounts of
electrical energy.

18. Steam Power Station(2)

The steam power stations are slow to start and can
not be used to cater for peak loads that generally
occur for a short duration.

These power stations are kept running very close
to full efficiency for 24 hours a day.

In most countries these power stations are used as
base load power stations.

They have typical life of 30 to 40 years.

The efficiency can reach about 29°, for steam
power stations.
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19. Steam Power Station Schematic
Diagram

S Te
U
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1 Coolng tower & Condensor 15, Coat bopper 22. Air intake
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20. Steam Power Station Simplified
Schematic Diagram

Pollution
Exhaust Control Cooling
S Gases Water Steam Water
L Condenser
Coal ' Pump
E Steam,.~~" \Synchronous
o ; mou !’ """""" p Val, ‘ \\‘Generator
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} ontrel
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21. A Simpler Model of Steam Power
Station

Exhaust

-----------

___________

Feed water Condensate

2 1

22. Advantages of Steam Power Station

The fuel (i.e., coal in most cases) used is quite
cheap.

Less initial cost as compared to other generating
stations.

It can be installed at any place irrespective of the
existence of coal. The coal can be transported to
the site of the plant by rail or road.

It requires less space as compared to the
hydroelectric power station.

The cost of generation is lesser than that of the
diesel power station.
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23. Disadvantages of Steam Power
Station

It pollutes the atmosphere due to the
production of large amount of smoke and
fumes.

It 1s costlier in
running cost as
compared to
hydroelectric
plant.

24. Gas Turbine Power Station

A Gas-turbine power station uses gas turbines as
prime mover for generating electrical energy.

Gas turbines use the hot gas produced by burning
a fuel to drive a turbine. They are also called
combustion turbines or combustion gas turbines.

It has the ability to be turned on and off within
minutes, supplying power during peak demand.

A large single cycle gas turbine typically produces
up to 300 Mega Watts of power and have 35-40%
thermal efficiency.
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25. Principle Of Operation

COMBUSTOR

<

RNER

HOT GAS

OUTPUT SHAFT

INLET AIR

AIR COMPRESSOR

DIAGRAM OF TYPICAL LARGE GAS TUREINE

26. Advantages of Gas Turbine Power
Station

It is simple in design as compared to steam power station since no
boilers and their auxiliaries are required.

It is much smaller in size as compared to steam power station of the
same capacity. This is expected since gas turbine power plant does
not require boiler, feed water arrangement etc.

The initial and operating costs are much lower than that of
equivalent steam power station.

[t requires comparatively less water as no condenser is used.
The maintenance charges are quite small.

Gas turbines are much simpler in construction and operation than
steam turbines.

[t can be started quickly form cold conditions.

There are no standby losses.
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2'7. Disadvantages of Gas Turbine
Power Station

There 1s a problem for starting the unit. It is because
before starting the turbine, the compressor has to be
operated for which power is required from some
external source. However, once the unit starts, the
external power is not needed as the turbine itself
supplies the necessary power to the compressor.

Since a greater part of power developed by the turbine
1s used in driving the compressor, the net output is low.

The overall efficiency of such plants is low (gbout
20°0) because the exhaust gases from the turbine
contain sufficient heat.

The temperature of combustion chamber is quite high
(3000°F) so that its life 1s comparatively reduced.

28. Combined Cycle Gas Turbine Plants

Gas turbine power station is gencrally used in conjunction with Steam
Power Station.

The hot exit gas from the turbine still has significant amounts of encrgy
the gas exits at ncarly atmospheric pressurc but a temperaturc of up to
00-640°C) which is used to raisc stcam to drive a steam-turbine and

another gencrator.

This combination of gas and steam cycle gives rise to the term “Combined
Cycle Gas Turbine” (CCGT) plant.

Combined cycle gas turbine plants are driven by both steam and natural gas.

They generate power by burning natural gas in a gas turbine and usc
residual heat to gencrate additional electricity from steam.

These plants offer cfficiencies of up to 60°.

About 66 %o of power is generated in gas turbine and 34 %o in steam turbine.

I fficiency of CCGT plant is typically 1.5 times the cfficiency of the single
cycle gas turbine plant.
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29. Gas Turbine Combined Cycle
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30. Combined Cycle Gas Turbine Plant

Schematic Diagram

GAS TURBINE COMBINED CYCLE
Power Plant System Schemat c
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31. Diesel Power Station

A diesel power station uses a diesel engine as
prime mover for the generation of electrical
energy.

This power station is generally compact and
thus can be located where it is actually
required.

This kind of power station can be used to
produce limited amounts of electrical energy.

In most countries these power stations are used
as Emergency Supply Stations.

32. Advantages of Diesel Power Station

The design and layout of the plant are¢ quite simple.

It ocl?upics less space as the number and size of the auxiliaries is
small.

[t can be located at any place.

[t can be started quickly and can pick up load in a short time.
There are no standby losses.

[t requires less quantity of water for cooling.

The overall cost is much less than that of steam power station of the
same capacity.

The thermal efficiency of the plant is higher than that of a steam
power station.

[t requires less operating staff.
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33. Disadvantages of Diesel Power
Station

The plant has high running charges as the fuel
(i.e., diesel) used is costly.

The plant does not work satisfactorily under
overload conditions for a longer period

The plant can only generate small power.
The cost of lubrication is generally high.

The maintenance charges are generally high.

34. Working Principle of Diesel Power
Stations & General Description

An internal combustion engine in which the
fuel 1s ignited by injected it into air that has
been heated into a high temperature by rapid
compression; hence, diesel engines are also
called com ression-i nition en ines.
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35. What 1s a Compression-Ignition
Engines?

A compression-ignition engine (also known as a
Diesel engine) is an internal combustion engine
that uses the heat of compression to initiate
ignition to burn the fuel, which is injected into the
combustion chamber during the final stage of
compression This is in contrast to spark-ignition
engines such as a petrol engine (gasoline engine)
or gas engine (using a gaseous fuel as opposed to
gasoline), which uses a spark plug to ignite an
air-fuel mixture. The diesel engine 1s modeled on
the Diesel cycle. The engine and thermodynamic
%%%176 were both developed by Rudolph Diesel in

36. Dr. Rudolf Diesel

Generator output: 50,000 kW

uo%
4

\
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37. Classification of IC Engines(1)

Internal Combustion (IC) engines are classified in
different ways:

According to cycle of operation
Two stroke cycle engines
Four stroke cycle engines
According to cycle of combustion
Otto cycle (constant volume combustion)
Diesel cycle (constant pressure combustion)

Semi-Diesel cycle (Combustion partly constant
volume and partly constant pressure)

37. Classification of IC Engines(2)

According to cylinder arrangement

Horisontal engine

Vertical engine

‘V’ type enginc

Radial engine
According to the usc

Stationary engine

Portable engine

Marine engine

Automobile engine

Aero engine
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37. Classification of IC Engines(3)

According to the fuel used and the method of fuel supply to engine
cylinder

Oil engine

Petrol engine

Gas engine

Kerosene engine

Carburettor, hot bulb, fuel injection, air injection ete.
According to the spced of the engine

Low speed engine

Medium speed engi

High speed engine

37. Classification of IC Engines(4)

According to the method of ignition
Spark ignition enginc
Compression ignition cngine

According to the method of cooling the engine
Air cooled engine
Watcr cooled engine

According to the method of governing
Hit-and-miss governed engine
Quality governcd engine

Quantity governed engine
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37. Classification of IC Engines(S)

According to valve arrangement
Overhead valve engine
[.-head type engine
T-head type engine
F-head type engine

According to number of cylinders
Single cylinder engine

Multi-cylinder engine

38. Parts of a typical IC Engine

Exhaust vaive

nlet vaive Valve spring

Exhavst port
net past Cylinder head

Cooling ting
Piston
Wirist pm
Connscting rod
Cyfinder

Crankcase

Crank pin
Crankshaft
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39. Working of 4-stroke IC Engines

1. Intake 2. Compress'on 3. Power 4. Exhaust

40. 4-stroke cycle Diesel Engines

4

5 Lt 1
Suctioh —

Vohume

Theeretical p-V diagram

F1 = Fuel injector IV =lnlct valve E V = Exheaust valve
EC Engine cyhnder CR. Conpecting rod C Crenk
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41. 2-stroke cycle Diesel Engines(1)

L= Cylinder | M Puton , EP w Ezhgust port TP = Transfer port , C.C = Crank chamber; V « Valve

Durin% ugward movement of piston, air 1s compressed in
n

the cylinder (L). At the same time, fresh air enters the crank
chamber through valve (V).

At the end of the stroke, fuel 1s injected into compressed air
and combustion takes place starting the power stroke.

41. 2-stroke cycle Diesel Engines(2)

er ]

L = Cylinder , M a Pustan , EP w Ezhgust port TP = Transfer port , C.C = Crank chamber; V « Valve
During the power stroke, valve (V) 1s closed and air in
crank chamber is compressed and transferred to cylinder via
transfer port (TP)

At the same time, exhaust port (EP) opens to drive away
burnt gases
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42. Characteristics of 4-stroke Diesel Engines

Cycle is completed in 4 strokes of piston, or one power stroke in two
revolutions of crankshaft.

Turning movement is not uniform and hence requires heavy flywheel.

Because of one power stroke in two revolutions, engine is heavy for a given
power.

Less wear and tear and hence lesser cooling and lubrication needs.
Contains valve and valve drive mechanism.

Higher volumetric efficiency due to higher air induction time.

Better thermal and part load efficiency compared to two stroke engines.

Used in applications where cfficiency is important, ¢.g., cars, buscs, trucks,
tractors, airplanes, power gencrators ctc.

Higher initial cost.

43. Characteristics of 2-stroke Diesel Engines

Cycle 1s completed in two strokes of piston, or one powerstroke for every
rotation of crankshaft.

More uniform turning movement and hence requires smaller flywheel.

Theoretically the power developed is 2 times (~ 1.8 in practice) that of a 4-
stroke engine. Hence lighter in weight for a given power level.

Higher wear and tear and hence higher cooling and lubrication needs.

Absence of valves and valve drive mechanism makes the engine simple and
less expensive.

Volumetric efficiency less due to lesser time available for air induction.
Lower thermal and part load cfficiency compared to 4-stroke engings.
Used where low cost, low weight and compactness are desired.

2-stroke engines arc used in very large sizes (~600 mm bore) for ship
propulsion because of low weight and compactness.
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44, Working of multi-cylinder 4-stroke
IC Engines
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45. Schematic Arrangement for a Diesel
Engine Power Station
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46. Schematic Arrangement for a Diesel
Engine Power Station
intake
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47. Diesel Power Station Main
Components

The essential components of a Diesel Power Station are:

Engine

Air intake system
Exhaust system
Fuel system
Cooling system

Lubrication system

Engine starting system

Governing system
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48. Engine

Engine is the main component of the plant
which develops the required power. The
electrical generator is usually direct coupled to
the engine.

49. Air Intake System(1)

The air intake system conveys fresh air through
pipes or ducts to

(1) air intake manifold of 4 stroke engine
(i1) The scavenging pump inlet of a two stroke engine

(111) The supercharger inlet of a supercharged engine.

Air { lter

@: Diesel enging

.
TTT7777TrIrrrrr7rrrrrrrrzrrrIrryy7rrrrrrryrrrrrrrrrrrrrrrrrry
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49. Air Intake System(2)

Air is first drawn through a filter to catch dirt
or particles that may cause excessive wear in
cylinders. Filters may be of following types:

Dry type (paper, cloth, felt, glass wool etc.)

Wet type (o1l impingement type, oil bath type
where oil helps to catch particles)

49. Air Intake System(3)

Following precautions should be taken while
designing air intake systems

Air intake should be located outside the engine room.

Air intake should not be located in confined places to
avoid undesirable acoustic vibrations.

Pressure drop in the air intake line should be minimum
to avoid engine starvation.

Air filters should be accessible for periodic cleaning.

In some cases a muffler may be introduced to prevent
engine noise from reaching outside air.

30
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S50. Exhaust System(1)

The exhaust system discharges the engine
exhaust to the atmosphere outside the building.

Gases out

Silencer

Exhaust manifold

IRINININ

Diesel engine
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S50. Exhaust System(2)

The exhaust manifold connects the engine cylinder exhausts to the
exhaust pipe.

A muffler in the exhaust pipe reduces the pressure in the line and
eliminates most of the noise that may result if exhaust gases are
directly discharged to atmosphere.

Exhaust pipe leadin% out of the building should be short in length
with_gllmlmum number of bends to provide as low a pressure loss as
possible.

Flexible tubings may be added in exhaust pipe to take care of
misalignments and expansion contraction and also to isolate the
system from engine vibrations.

Each engine should have its independent exhaust system.
Where possible, exhaust heat recovery should be made to improve

plant thermal efficiency. E.g_, air heating, low pressure steam
gencration in diesel-steam power plant etc.
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S51. Fuel System(1)

The fuel system stores and distributes fuel to
engines on demand. A generic schematic of
fuel system is shown below

Fuel unionding
tine

Bulk Fual
sterago oil
pumps

S51. Fuel System/(2)

For satisfactory operation of a fuel supply system,
following points must be considered:

System should be capable of supplying clean and
measurable quantity of fuel to engines.

All pipe joints should be pressure tested and leak tight.

Filters should be easily accessible for periodic
cleaning.

Safety interlocks should be available to take care of
fuel leaks, overpressure and low fuel situations.

Adequate back up components should be available to
take care of system failure modes.
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S51. Fuel System(3)

Fuel Supply System For 4 - Cylinder 4 Stroke Diese! Engine

= 4
w
‘l Fuel! Filter
<&
Injection Nozzle
{5-Hole Typo) - - o
Fuel Pressure
Re ief Valve
A Y Bleeding Screw)
. -l ( _
L -]
o L o
OQ
Feed Pump
In-ine Injection Pump Sed enlor Fug! Tank

S52. Fuel injection systems(1)

Fuel injection system is the heart of the
Diesel engine and the performance of the
engine is controlled by the efficiency of fuel
injection into the cylinder.

The problem of metering, injecting, atomizing
and mixing with air for combustion becomes
acute with high speed engines. However,
engines driving electrical generators are low
speed engines and they have simple
combustion chambers.
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52. Fuel injection systems(2)

> Functions of a fuel injection system
> Filter the fuel

» Meter or measure the correct quantity of fuel to be
injected

> Time the fuel injection to cylinder
» Control the rate of fuel injection
> Atomise or break up the fuel to fine particles

> Properly distribute fuel in the combustion chamber

52. Fuel injection systems(3)

Types of fuel injection systems

» Following fuel injection systems are commonly used in Diesel power
stations.

» Common-rail injection system
» Individual pump injection system
> Distributor injection system
> Atomisation of fucl can be accomplished in two ways:
» Air blast
» Pressure spray
> Early diesel engines used air-fuel injection at about 70 bar pressure.
But 1t called for a separate compressor for air supply. Present day

practice is to use a fuel pressure between 100 and 200 bar to atomise
the fuel as it flows through the spray nozzles.
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52. Fuel injection systems(4)

Common Rail Injection
System(Type 1)

One type of common rail fuel
injection system is shown here.

Fuel ines to
olher cytinders

A single pump su881ies high

Eressure (100 — 200 bar) fuel to a Hign
eader gé?..??
A relief valve on header maintains )_ﬁ
constant pressure (
] o . Hoader, or ‘common rail® J
Quantity of fuel 1r3_ected and time ~ __ - |
of injection are dictated by a daytank >4 | kignprossure
control wedge that adjusts the o
lift of a mechanically operated camanan
valve.
52. Fuel injection systems(5)
Common Rail Injection
System (Type—Z) = Springloaded
A second type of common rail
fuel injection system is shown Luntinonto,

here.

brossire 100" S8 by el 10 |\

an accumulator nd tming velve
Pressure relief and timing valves Accumulator
;en%(l)lllle;ltte injection time and Pump md_%mgd
Spring loaded spray valves Fggyﬁ:l;"':'k‘_' =

merely act as check valves
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52. Fuel injection systems(6)

Individual pump Injection
System

The schematic 1s shown
here.

s
Injection
rozzles

An individual pump or pump
cylinder connects directly to
each fuel nozzle.

- .. . . fuel lines Pump with an
etering and injection timing indnidual cylindar
controlled by individual Contro
pumps rack

Nozzle contains a delive
valve actuated by the fue
pressure

S52. Fuel injection systems(7)

Distributor System

> The schematic 1s shown Nozzles
here.

» The fuel 1s metered at a
central point

Distributor
block

> A pump meters,
ressurises and times the
uel injection

Fuel 1s distributed to_

cylinders in correct firing Prmary pump
order by cam operated

poppet valves which

admait fuel to nozzles
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53. Cooling System(1)

Engine cooling is necessary for the following reasons:

The temperature of combustion gases inside the cylinder can reach
2750° C. If there is no external cooling average temperature of
cylinder and piston can be as high as 1000° to 1500° C which
may melt them.

Lubricating oils have an operating temperature range of 160° to
200° C. Above these temperatures oil will burn and carbon
deposition will occur. In other words lubrication will no longer be
effective.

53. Cooling System(2)

Strength of materials of construction decreases with increase in
temperature and there is a limiting temperature for every material
beyond which the material becomes too weak for the intended
application.

Hot exhaust valves can result in pre-ignition and detonation or
knocking.

High cylinder head temperature can reduce volumetric efficiency
and hence the power output.
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53. Cooling System(3)

Almost 25%0 to 35% of total heat supplied in the engine is removed
by the cooling medium. An additional 3°0 to 5°0 heat loss occurs
through lubricating oil and radiation.

There are two methods of cooling [.C. engines:
1. Air cooling ’ﬂ : [J Q@

Fins
2. L.iquid cooling
Air cooling : In this method, heat 1s
carried away by the air flowing over
and around thec cylinder. Fins arc
addcd on the cylinder which provide
additional mass of material for

conduction as well as additional area
for convection and radiative modes of heat transfer.

77

53. Cooling System(4)
Advantages of air cooling

Simpler engine design as no liquid coolant jackets are needed.

Absencc of cooling pipes and radiator makes cooling system
simpler.

No danger of coolant leakage ctc.

Engine is not subjected to problems associated with frozen
coolant during winter as is the case with water coolcd engings.

For a given power, the weight of an air cooled enginc is less than
that of a liquid cooled cngine.

Engine is self contained and easier to install.
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53. Cooling System/(5)
Disadvantages of air cooling

Noisy movement
Non uniform cooling

Output of an air cooled engine is less than that of a
liquid cooled engine.

Smaller useful compression ratio
Maintenance is not easy

Not practical for diesel engines

53. Cooling System(6)

Liquid cooling : In this method, the cylinder walls and
head are provided with jackets through which the cooling
liquid can circulate.

The heat 1s transferred from the cylinder walls to the
liquid by convection and conduction.

The liquid gets heated during its passage through the
cooling jackets and is itself cooled by means of an air
cooled radiator system. The heat from liquid in turn is
transferred to air.
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53. Cooling System(7)

There are several methods of circulating coolant liquid
around the cylinder walls and head:

» Thermo-syphon cooling

» Forced or pump cooling

» Cooling with thermostatic regulator
> Pressurised cooling

» Evaporative cooling

29 6 2013 1ICA Technical Assistance Team

53. Cooling System(8)

Thermo-syphon cooling : In this method works on the
fact that water becomes lighter with increase in
temperature.

Upper hose connecﬂonﬁ‘

Il Upper tank

Radiator cora

L Cylinder water jacket

Lower tank

Lawar hose connection

29 6 2013 1 CA Technical Assistance Team
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53. Cooling System(9)

Thermo-syphon cooling : Schematic of a thermo-syphon
cooling system is shown in the previous slide.

Top and bottom ends of radiator arc connected to the top and bottom water
jackets of the engine.

Water travels down the radiator across which air is passed to cool it.

Air flow across the radiator can be duc to the motion of the vehicle or by a fan.

The system is simple and works on the basis of convective currents of water —
hot water raises within the engine water jacket due to reduction of density and
cold water drops down in the radiator due to increase in density.

Disadvantage is that the cooling depends only on temperature differences and
not on engine speed.

Circulation of water starts only after the engine begins to work

53. Cooling System(10)

Forced or Pump cooling : In this method, a pump is used
to cause circulation of coolant in the water jacket of the
engine. The pump is usually belt driven from the engine.

Radiator
Engine

Pump
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53. Cooling System(11)

Forced or Pump cooling : Schematic of a forced pump cooling
system 1s shown in the previous slide.

Advantage of this system is that cooling is cnsured under all
conditions of opcration.

The system has following disadvantages:

Cooling is independent of temperature. This may result overcooling the
engine.

While moving uphill, cooling requirement is more but the coolant
circulation may reduce because of reduced engine speed. This may result
in overheating of engine.

Cooling stops as soon as engine stops. Residual heat in engine can cause
overheating. This is undesirable as cooling should continue until engine
reaches normal temperature.

53. Cooling System(12)

Cooling with thermostatic regulator :A thcrmostat is a
tempceraturc controlling device used to stop flow of coolant below a
preset cylinder barrel temperature.

Radiater
.= i Upper lank
Over flow L
ppe _+£L¥*; Thermostat
= 3 /
~ i3%3%
3 E By pass =
-+ EXX: T S
- - 3 - ad 1L
L EEEREEE L | e
+3 Fan
——
Drain tap
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53. Cooling System(13)

Cooling with thermostatic regulator :

Modern cooling systems employ thermostatic valves to prevent coolant in the engine jacket from
circulating through radiator for cooling until its temperature has reached a value suitable for
efficient engine operation.

A thermostat consists of thin copper bellows filled with volatile liquid like ether or ethyl alcohol.

The volatile liquid changes to vapour at the correct working
temperature, thus creating enough pressure to expand the bellows.

The movement of the bellows opens the main valve in proportion
to the temperature, thus increasing or decreasing the low o~
coolant rom engine to radiator

When the thermostat valve is not open, engine operation raises
the coolant pressure. This opens the bypass pressure relief valve
to maintain coolant circulation within the engine block.

53. Cooling System(14)

Pressurized cooling : This system cmploys high pressure coolant to
increasc its boiling point and thereby increased hcat transfer.

The boiling point of the coolant can be incrcased by increasing its
pressure. This allows a greater heat transfer to occur in the
radiator duc to larger temperaturce differential between radiator
and ambient.

Usually the coolant pressure 1s maintained between 1.5 and 2 bar.

Pressurized cooling system requires an additional valve called
“vacuum valve” to avoid formation of vacuum when the coolant
temperature drops on shutting down the cngine.

A safety valvce in the form of pressurc relief valve is provided on
the radiator top tank so that whenever the radiator cap is opened,
the pressure 1s immediately relieved.

Classroom Lesson (Power) -81- English

29/6/2013

43



53. Cooling System(16)

Evaporative cooling : In this system, also called stcam or vapour
cooling, the temperature of cooling water is allowed to rcach

100° C. This type of cooling utilizes the high latent heat of
vaporization of water to obtain cooling with minimum water. In this
system, the coolant is always liquid but the stcam formed is flashed
off in a scparate vesscl to condense.

T /— Raduator

53. Cooling System(17)
Advantages of liquid cooling

Compact design of engine with minimal frontal arca.

Fucl consumption of a high compression liquid cooled engine is
lower than that for an air cooled enginc.

Uniform cooling of cylinder barrcls and hcads due to jacketing.
Easier to reduce temperatures of cylinder head and valve scating.

Cooling system can be conveniently located anywhere, while for
air cooled engincs, installation is nccessarily at the front end of
mobilec vehicles.

Very cftective for high horsc power cngines comparced to air
cooled systems which need large quantity of air for cooling.
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53. Cooling System(17)
Disadvantages of liquid cooling

A dependent system which requires water coolant for circulation
in the jacket.

Powecr absorbed by coolant pumps is considerably higher than
that for cooling fans.

In the event of failure of cooling system scrious damage may be
causcd to the enginc.

System is complex due to coolant jackets, pump pipes radiator
etc.

Cost of the system is considerably high compared to air cooled
systcms.

Requircs periodic maintenance.

S54. Lubrication System(1)

Lubrication is the admittance of o1l or grease between two
surfaces having relative motion to reduce friction. The purpose
of lubrication may be one or more of the following:

To reduce friction and wear between parts having relative
motion.

To cool the surfaces by carrying away heat generated due to
friction.

To seal a space against leakage such as space between
piston rings and cylinder liner.

To clean the surfaces by carrying away carbon and metal
particles caused by wear.

To absorb shock between bearings and other parts
consequently reduce noise.
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S54. Lubrication System(2)

Main parts of an engine requiring lubrication are:

. Main crankshaft bearings

. Connecting rod big end bearing

. Connecting rod small end or gudgeon pin bearing
. Piston rings and cylinder walls

. Timing gears

. Valve mechanism

~N O AW N =

. Valve guides, valve tappets and rocker arms

S54. Lubrication System(3)
Classification of lubrication systems

Lubrication systems used for I.C. engines may be
classified as follows: To Boanng

1. Wet sump lubrication system 'I “;"“‘m

2. Dry sump lubrication system
3. Mist lubrication systcm

Wet sump lubrication system:
This system uses a large capacity oil sump at >™™
the base of crank chamber, from which the

dclivered to various parts. Oil then returns |
back to the sump after serving the purpose. L-==—====-------
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S54. Lubrication System(4)
Classification of lubrication systems
Dry pump lubrication system:

Oil from the sump is carried to a scparate storage tank outside the cylinder
block. Oil from the sump is pumped to storage tank by a scavenging pump. Oil
from the storage tank is pumped to the engine cylinder through another pump
and oil cooler. Oil pressure varics from 3 to 8 bar. This type of lubrication is
gencrally adopted for high capacity engines.

Oll coator Prassure I I  p—

To rohof vave
beanng +—
Supply
Qit pump tank
Engmne crankcase Bypass

prassure refief

S54. Lubrication System(5)
Classification of lubrication systems
Mist lubrication system:
This system is used for 2-stroke engines.
Most of these engines are crank charged i.e., they employ crank case
compression and therefore, are not suitable for crank case

lubrication.

These engines are lubricated by adding 2 to 3%, lubricating oil in the
fuel tank.

The oil and fuel mixture is induced through the carburetor.

The Easoline is vaporized and the oil in the form of mist, goes via
crank casc into the cylinder.

The oil, which impinges on the crank case walls, lubricates the main
and connecting rod bearings, and the rest of the o1l which passes in
to the cylinder during charging and scavenging periods, lubricates
the piston, piston rings and the cylinder.
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S54. Lubrication System/(6)
Mist Lubrication systems

Advantages:
System is simple
Low cost because of absence of pumps, filters etc.

Disadvantages:

A portion of the lubricating oil invariably burns in the combustion chamber.

This results in smoky exhaust, carbon deposits on piston crown, ring
grooves and exhaust port, reducing engine efticiency.

Since the oil comes in contact with acidic vapors produced during A
combustion, it loses its anti corrosion property and can lead to corrosion of
bearings.

For cffective lubrication, oil and fuel must be thoroughly mixed. This
requires separate mixing prior to use or special additives to give good
mixing characteristics.

Unless there is a good control on the lubricating oil, 2-stroke engines may
run “over oiled”.

55. Engine Starting System(1)

Diesel engine used in diesel power stations is
not self starting. The Diesel engine is started
by one of the following methods,

There are three common methods of starting [.C.
engines:

1. Starting by an auxiliary engine
2. Use of electric motors or self starters

3. Compressed air system
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55. Engine Starting System(2)

Starting by an auxiliary engine (normally petrol
driven):

» An auxiliary engine is closely mounted to the main
engine and connected through clutch and gears.

> At first, the clutch is disengaged and the auxiliary
engine 1s started (by hand or via self starter).

» After auxiliary engine warms up, the drive gear is
engaged through the clutch and the main engine is
cranked for starting.

An overrunning clutch is used to avoid damage to
auxiliary engine after the main engine starts.

55. Engine Starting System(3)

Use of electric motors or self starters:
» Used for small Diesel or Petrol engines

> A storage battery of 12V to 36V is used to drive an
electric motor.

» The electric motor is geared to the flywheel with a

Erovision for automatic disengagement after the engine

as started.

The motor draws heavy current and is designed to work

continuously for a short period of time (typically 30
seconds).

When the engine is running normally, a small d.c.
generator on the engine serves to charge the battery.
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55. Engine Starting System(4)

Use of compressed air system:

Compressed air system is commonly used for starting large diesel
engines employed for stationary power plants.

Corl?pressed air is stored at about 17 bar pressure in separate air
tanks.

This compressed air is initiaII%/_ supplied to a few of the engine
cylinders, making them work like reciprocating air motors to run the
engine shaft.

Fuel is admitted to the remaining cylinders and ignition takes place
in the normal way causing the engine to start.

The air tank is charged by a separate or engine driven compressor.

The system includes air storage tank, safety valves and
interconnecting pipes.

55. Engine Starting System(5)
Method of starting and stopping engines
Starting of engines:

In case of an ¢lectric motor starting check the condition of battery.
If compressed air is used check the air system for any possible leaks.

Check the engine fuel system, lubrication system and cooling
system for their proper functions.

Crank the engine after ensuring that all load is pit off and the
decompression (if available) device is engaged.

Once the engine starts, run the engine at low speed for a few
minutes and observe the working of fuel, lubrication and cooling
systems.

]I:)ncrease the speed gradually till it synchronizes with the station bus
ar.

Connect the generator to the bus bar when it is in synchronization
and increase the engine speed till it begins to share the desired load.

50
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55. Engine Starting System(6)

Method of starting and stopping engines
Stopping of engines:

Reduce the speed of the engine (%radually until
practically no power is delivered by the generator.

Disconnect the unit from the bus and allow the
engine to idle for a few minutes and stop it in
conformity with manufacturer’s instructions.

Governing system:

The function of the governing system is to
maintain the speed of the engine constant
irrespective of the load on the plant. _

This 1s generally done by gradually decreasing the
fuel supply to the engine.

Terima kasih.
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Power Station

Introduction
Hydro Power Station
Pumped Storage Power Station
Nuclear Power Station
Fossil Fuel Energy Power Station
Steam
Gus Turbine

Diesel

HYDRO POWER STATION
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NUCLEAR POWER STATION

FOSSIL FUEL ENERGY POWER
STATION
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DIESEL POWER STATION

Power Plant in Timor-Leste

Hera Power Plant
Betano Power Plant (Construction)
Both are Diesel Power Plants.
Using Heavy Oil (In casc of Hera, heavy oil is carried by
ship to the harbor of Dili, is once saved near the harbor
(Tibar fuel unloading facilities) and 1s carried from there to
plant by trucks. Corrcct?
Unbelievable!!!
High cost
Risky

How about Betano?
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A : Main Building
C:
D:
E:
F:

Switch Yard

B : Control Center
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Control Room

STANDS
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1 Coo ant temperature sensor
(h'gh-temperature circuit inlet)

2 Prox'm’ty sw'tch gas-air mixer

One sw'tch for each gas-a'r m'xer

3 Coo ant temperature sensor
(h'gh-temperature circuit outlet)

4 M'xture temperature sensor

One sensor for each gas-a'r m'xer

5 Stepp'ng motor gas-a'r m'xer

One stepp'ng motor for each gas-aT m'xer

Engine TCG 2032 V12 und V16 -
Sensor arrangement (1)

6 Depending on version — Base bear'ng
temperature sensor

7 Multifunction rail cy ‘nder row A

8 Camshaft sensor

9 Crankcase pressure sensor

10 E ectr'c pump for preheating unit (coo ant)
11 E ectr'ca preheater

for coo ant and ubr’cating oil

12 E ectr'c pump for preheating unit
(lubrcatng o)

1 Lube oil temperature sensor

2 Start backup for eng'ne turn'ng dev'ce
3 So eno’d va ve for a'r starter

4 F ywhee sensor —'nsta at'on ocat'on
depend'ng on vers'on

5 Mu tfunct'on ra’ cy ‘nder row B

Engine TCG 2032 V12 and V16 — Sensor
arrangement (2)

6 Charg'ng m'xture temperature sensor
One sensor each for A and B s'de

V12 engne: Between cy ‘nder A4 and A5 as
we as before B6

V16 engne: Between cy ‘nder A6 and A7 as
we as before B8

Classroom Lesson

(Power) —97— English

29/6/2013

59



-}

Engine TCG 2032 V12 and V16 — Sensor
arrangement (3)

1 Exhaust turbocharger speed sensor

One sensor for every exhaust turbocharger
2 Actuator

3 Coolant temperature sensor
(h'gh-temperature c’rcut 'n et)

4 Lubr'cat'ng o’ eve sensor

5 Lube oil pressure sensor

(Lube oil pressure before ubr’cat'ng o™ f ter)
6 Coolant temperature sensor

( ow-temperature c’rcu't, 'n et)

7 Charging mixture pressure sensor A s'de,
mixture cooler — Depend'ng on

vers'on

Engine TCG 2032 V12 and V16 — Sensor
arrangement (4)

1 F ywhee sensor—'nsta at'on ocat'on
depending on vers'on

2 Lube oil pressure sensor

(Lube oil pressure after f ter)

3 Ignition co’

One ignition co” for every cy 'nder

4 Ign'tion contro un't

5 Combust’on chamber temperature sensor
One sensor for every cy ‘nder

6 Knock sensor

One sensor for every cy ‘nder

7 Charg'ng m'xture pressure sensor
One sensor each for A and B s'de
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Engine TCG 20232 V16 with Marelli generator
MJH 800 MC6 weight approx. 53700 kg

3848

2220
330 -

676

Generator
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The types used as standard are brush ess synchronous generators, which, depending on
the application, may be suitable for ma'ns-para lel and/or islands power supply operation.
Depending on output and the ava’ ab e ma'ns supply, these may be 400 V to 690 V three-
phase generators or med'um-vo tage generators 'n the range from 3 kV to 15 kV.

The efficiency of the generators dependent upon s'ze and power factor va ue (cos ph’) 's
between 95.0 ° and 97.8 %.

Thus, for example, a 494 kVA generator with a power factor of 0.8 has an eff'c’ency eve of
95.5 % and a 5336 kVA med'um-voltage generator w'th a power factor of 0.8 's 97.2 %

eff c’ent. If the generator 's operated at a power factor of 1, eff c’ency 's ‘ncreased by
approx 1-1.5 ®.

As per DIN VDE 0530 / DIN EN 60034 the generators are des’gned for an amb’ent
temperature of 40° Cand a site a t'tude of 1000 m. At higher ambient temperatures or
higher altitude, the output must be reduced 'n accordance w'th the manufacturer's
specifications.

These generators can operate as standard in a power factor range of 0.8 - 1 inductive
(lagging). Thus in the case of ma'ns-para e operaton, t ‘s poss’ble to improve the mains
handover power factor 'n the event that the generators are to be used as "phase sh'fters".
Generators must be specially designed for use in the capacitive range! There are d'fferent
country-spec’f'c regu at'ons for stat'c and dynam’c ma'ns support, wh'ch have to be
cons'dered when des’gn'ng the gas eng'ne gensets.

In island operation mode, the max. permissible unbalanced load for the generator must be
taken into account. (Dependent upon generator output and manufacturer, 30 % between
max mum and m’n'mum phase current)

Air Intake
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AAL ORG

INDUSTRIES

EXHAUST GAS HEAT RECOVERY
CONTAINER
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Fuel Tank

a
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Starting
Compressed Air

Ce
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V. SUBSTATION

1. Introduction(1)

A Substation receives electric power from power
station via transmission lines and delivers power via
the outgoing transmission lines.

Substations are integral parts of a power system and
form important links between the power stations,
transmission systems, distribution systems and the
load points.

Various substations located in power stations,
transmission and distribution systems have similar
layout and similar electrical components.
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1. Introduction(2)

Substation basically consists of number of incoming
circuit connections and number of outgoing circuit
connections connected to the busbars.

Busbars are conducting bars to which number of
circuit connections is connected.

Each circuit has certain number of electrical
components such as circuit breakers, Isolators, earth
switches, current transformers, voltage transformers,
etc.

2. Functions of Substations

Functions of Electrical Power Substations are:

Supply electric power to the consumers
continuously

Supply of electric power within specified voltage
limits and frequency limits

Shortest possible fault duration.
Optimum efficiency of plants and the network

Supply of electrical energy to the consumers at
lowest cost
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3. Types Of Substations
- Based ON Nature Of Duties -

Step up or primary substation:

Primary substations are associated with the power plants where the voltage is
stepped up from low voltage (15kV) to 150kV for transmitting the power so
that huge amount of power can be transmitted over a large distance to load
centers.

Primary Grid Substation:

Such substations are located at suitable load centers along with the primary
transmission lines. At primary Grid Power Substations the primary
transmission voltage (150kV) is stepped down ( to secondary transmission
voltages. This Secondary transmission lines are carried over to Secondary
Power Substations situated at the load centers where the voltage is further
aedakp\?? down ) to Sub transmission Voltage or Primary Distribution Voltages

Step Down or Distribution Substations:

Such Substations are located at the load centers. Here the Sub transmission
Voltages of Distribution Voltages (20kV) are stepped down to Secondary
Distribution Voltages (380V or 220V). From these Substations power will be
fed to the consumers to their terminals.

4. Types Of Substations

- Basis Of Service Rendered -
Transformer Substation:

Transformers are installed on such Substations to transform the power
from one voltage level to other voltage level.

Switching Substation:

Switching substations are meant for switching operation of power lines
without transforming the voltages. At these Substations different
connections are made between various transmission lines. Different
Switch.inghSchcmcs. are cmployed depends on the application to
transmit the power in more reliable manner in a network.

Converting Substation:

Such Substations arc located where AC to DC conversion is required.
In HVDC transmission Converting Substations arc employed on both
sides of HVDC link for converlmgi AC to DC and again converlmig
back from DC to AC. Converting Power Substations are also employed
where frequency is to be converted from higher to lower and lower o
higher. This type of frequency conversion is required in connecting to
Grid Systems.
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S. Types Of Substations
- Based on Operation Voltage -

High Voltage Substation:

This type of Substation associated with
operating voltages between 11kV and 66k V.

Extra High Voltage Substation:

This type of Substation is associated where the
operating voltage is between 132kV and 400kV.

Ultra High Voltage Substation:

Substations where Operating Voltages are
above 400kV is called Ultra High Voltage

Substation

6. Types Of Substations
- Based On Substation Design -

Outdoor Substations:

In Outdoor Substations, the various clectrical equipment is
installed in the switchyard below the sky. Electrical
equipment is mounted on support structurcs to obtain
sufficient ground clearance.

Indoor Substations:

In Indoor Substations, the apparatus is installed within the
substation bulldmg. Such substations arc usually for the
rating of 66kV. Indoor Substations arc preferred in heavily
polluted areas and Substations situated ncar the scas (saline
atmosphere causes Insulator Failures results in Flashovers).
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7. Types Of Substations
- Based on Design Configuration(1) -

Air Insulated Substation:

In Air Insulated Substations, busbars and connectors
are visible. In this kind of Substations, Circuit
Breakers and Isolators, Transformers, Current
Transformers, Potential Transformers etc. are
installed in the outdoor. Busbars are supported on
the post Insulators or Strain Insulators. Substations
have galvanized Steel Structures for Supporting the
equipment, insulators and incoming and outgoing
lines. Clearances are the primary criteria for these
substations and occupy a large area for installation.

7. Types Of Substations
- Based on Design Configuration(2) -

Gas Insulated Substation:

In Gas Insulated Substation, Various Substation
equipment like Circuit Breakers, Current
Transformers, Voltage Transformers, Busbars, Earth
Switches, Surge Arresters, Isolators etc. are in the
form of metal enclosed SF6 gas modules. The
modules are assembled in accordance with the
required Configuration. The various Live parts are
enclosed in the metal enclosures (modules)
containing SF6 gas at high pressure. Thus the size of
Substation reduces to 8% to 10°¢ of the Air Insulated
Substation.
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7. Types Of Substations
- Based on Design Configuration(3) -

Hybrid Substation:

Hybrid Substations are the combination of
both Conventional Substation and Gas
Insulated Substation. Some b%ys ina
Substation are Gas Insulated Type and some
are Air Insulated Type. The design is based
on convenience, L.ocal Conditions available,
arca available and Cost.

MAJOR EQUIPMENT
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8. Busbars

Various incoming and outgoing circuits are connected to
busbars. Busbars receive power from incoming circuits and
deliver power to outgoing circuits.

9. Power Transformers

Power Transformers are used to step up or step — down a.c.
voltages and to transfer electrical power from one voltage
level to another. Tap changers are used for voltage control.
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10. Circuit Breaker(1)

Circuit Breaker 1s used for Switching during normal and
abnormal operating conditions. It is used to interrupt the short
circuit currents. It 1s used to interrupt short circuit currents.
Circuit Breaker operations include.

1. Closing
2. Opcning
3. Auto — reclosing

Circuit Breaker 1s located
ncar every switching point
and also located at the
both ends of cvery
protection zonc.

al

10. Circuit Breaker(2)

Breakers are usually
classified as “dead tank’
or “live tank™ construction.

“Dead tank” means that

the circuit breaker tank

and all accessories are
maintained at ground

potential, and the external .
source and load

connections are made

through conventional

bushings.

“Dead Tank” Breaker
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10. Circuit Breaker(3)

“Live tank” means that
the metal and porcelain
housing containing the
interrupting mechanism
1S mounted on an
insulating porcelain
column and 1s therefore
at line potential.

“L've Tank” Breaker

10. Circuit Breaker(4)

In addition to classification as “live tank” or “dead tank”
construction, circuit breakers are also classified in terms of

interrupting media. Breakers are also classified as three-pole,

single-throw, and independent pole operation.

Three-pole single-

throw breakers utilize

one mcchanical

device to trip all three

poles with a linkage to

gang the opcration I
togcther.

i

Three-Po e S'ng e-Throw Breakers
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10. Circuit Breaker(5)

With independent-
polc opcration, each
polc is cquipped with
the mechanical means
to trip its individual
polc.

SF6 Gas C'rcu't Breakers

10. Circuit Breaker(6)

No gencral guidelines can be drawn for the
application of these various types of circuit breakers.
Fach user has to determine the ratings of circuit
breakers required and then select a type of circuit
breaker acceptable with regard to rating,
performance expectations, compatibility with
planned or existing substation configuration, and the
ability to install, operate, and maintain the circuit
breaker. Cost may also be an important
consideration in the final selection.

Most, but not all, domestic circuit breakers in
outdoor substations of 2.4 kV through 24.9 kV
utilize a vacuum technology as the insulating
diclectric to interrupt load and fault currents.

=i

Although outdoor vacuum breakers can be supplied § gt
for voltages up to 38 kV, SF6 is morc commonly BT
used for voltages from 34.5 kV to 65 kV. Type SDV Vacuum C'rcu’t Breaker
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11. Metal-clad switchgear

Metal-clad switchgear serves the same system function as comparable elements in
a conventional open bus-type substation. These eclements may include main power
switching or interrupting devices, disconnecting switches, buses, instrument and
control power transformers, and control and auxiliary devices, as well as other
devices.

Typ'ca Snge-A's e Sw'tchgear Insta at’on

12. voltage regulators(1)

Both three-phasc and single-phase voltage regulators arc used
in distribution substations to rcgulate the loadsidc voltage.
Substation regulators are onc of the primary means along with
load-tap-changing power Transformers shunt capacitors, and
distribution line regulators, for maintaining a proper level of
voltage at a customer’s scrvice cntrance.

There are two general types of voltage regulators the induction
rcgulator and the step-type regulator. Both types arc available
in singlc- or three-phase designs. The step-type regulator has
by far the wider application in the clectric distribution system.
The step-voltage rcgulator has virtually replaced the
induction-voltage rcgulator becausc it is lower in cost and
cqually rcliable.
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12. voltage regulators(2)

For substation sizes used most frequently by rural

electric systems, single-phase regulators arc usually

less expensive. They also do a better job of maintaining

balanced phase voltages under conditions of

unbalanced loading. Single-phase regulators arc also

more adaptable to linc usc because of the relative

Bulletin easc of pole mounting. Regulation by single- o
phase regulators also gives maximum reliability for the g
system because a regulator can be removed for

maintenance or repair without the need to de-energize

transformers or other regulators. Special switches are

available to permit removing a regulator from

service without interrupting the circuit.

S'ng e-Phase Vo tage Regu ator

12. voltage regulators(2)

In large distribution substations,
the choice of three-phase
regulators may be based on costs
or on the availability of single-
phasc rcgulators of the required
size. Three-phase regulators -
requirc somewhat less space than
three single-phase regulators.

\

-——“"‘

Three-Phase Vo tage Regu ator

Ny o
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13. Shunt Reactors

Shunt Reactors are used for long EHV transmission lines to
control voltage during low load period. Shunt reactors is also
used to compensate shunt capacitance of transmission line
during low load periods. Usually Shunt reactors are
unswitched.

14. Shunt Capacitance

Shunt capacitors are used for compensating reactive power of
lagging power factor. Shunt Capacitors are used for improving
the power factor. It 1s also used for voltage control during heavy
lagging power factor loads. Shunt Capacitors are located at the
receiving stations and distribution substations. Shunt Capacitors
are switched in during heavy loads and switched off during low

loads. i
Va, ! "ﬂ,:f"‘ ik

i
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15. Series Capacitor

Series Capacitors are used for some long EHV a.c lines to
improve power transferability. Capacitors are located at the
sending end receiving end of the lines. Series Capacitors are

provided with bypass circuit breaker and protective spark — gaps.

16. Series Reactors

Series reactors are used to limit short — circuit current and to
limit current surges associated with fluctuating loads. Series
reactors are located at the strategic locations such that the fault
levels are reduced.
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17. AIR SWITCHES

The general function of an air switch is as stated in ANSI [EEE
Std. C37.100: “A switching dcvice designed to closc and open
onc or more clectrical circuits by means of guided scparablc
contacts that scparatc in air.” Air, at atmospheric pressure, 18
also the insulating medium between contacts in the open
position.

19. Isolators or Disconnecting Switches

Isolators are provided for isolation from live parts for the
purpose of maintenance. Isolators are located at either side of
the circuit breaker. Isolators are operated under no load.
Isolator does not have any rating for current breaking or
current making. Isolators are interlocked with circuit breakers.

Types of Isolators are

1.Central rotating, horizontal swing

2 Centre-Break

3.Vertical swing .
4 Pantograph type N

o

u
A
2 L 2 a

)
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20. Earth Switch

Earth Switch 1s used to discharge the voltage on the circuit to
the earth for safety. Earth switch is mounted on the frame of
the 1solators. Earth Switch is located for each incomer
transmission line and each side of the busbar section.

21. Grounding Switch

“A mechanical switching device by
means of which a circuit or piece 0
apparatus may be celectrically
connected to ground.” Grounding
switches are often mounted on the
jaw or hinge end of disconnecting
or horn-gap switches.

Typical Applications :

a. To ground buses or circuits (for
safe maintenance) after they are
first 1solated

b. To intentionally ground a circuit

Elusyng an automatic high-speed
evice) in order to activate a

remote protective relaying scheme

Hor'zonta y Mounted Double Break Swtch w'th Ground'ng Sw'tch
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22. Horn-Gap Switch

A switch provided with arcing
horns.

Typical Applications :

To de-energize or energize a
circuit that possesses some
limited amount of magnetic or
capacitive energy, such as
transformer exciting current or
line charging current. The
arcing horns protect the main
contacts durm% opening or
closing and enhance the ability
of the switch to perform its task.

Horizontally Mounted Double-Break Sw'tch.
Note arc'ng horns and corona sh’e ds at b ade contact po'nts

23. Interrupter Switch

“An air switch, equipped with
an interrupter, for making or
breakmgrspemﬁed currents, or
both.” “The nature of the
current made or broken, or both,
may be indicated by suitable
prefix, that 1s, load interrupter
switch, fault interrupter switch
capacitor current interrupter
switch, etc.”

Typical applications are /
incFicated by the above-named /
prefixes.

Horzonta y Mounted Vert'ca -Break Interrupter
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24 . Various Constructions of Qutdoor Air
Switches(1)

Outdoor air switches are constructed in many
different styles or construction.

Vertical Break Switch

“One in which the travel of the
bladeis in a plane perpendicular
to the plane of the mounting
base. The blade in the closed
position is parallel to the
mounting base.” The hinge end
includes two insulators, one of
which is caused to rotate by the
operating mechanism and

thereby open and close the Vert'ca y Mounted Vert'ca -Break Sw'tch
blade

24 . Various Constructions of Outdoor Air
Switches(2)

Double Break Switch

“One that opens a conductor of a
circuit at two points.” The center
insulator stack rotates to
accomplish the opening and
closing operation.

Hor'zonta y Mounted Double-Break Sw'tch
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24 . Various Constructions of Outdoor Air
Switches(3)

Tilting-Insulator Switch

“Onc in which the opening and
closing travel of the blade 1s
accomplished by a tilting
movement of onc or more of the
insulators supporting the
conducting parts of the switch.”
This type of switch is seldom
uscd today. However, this
switch 1s still in scrvice on many
existing installations. It is
included here since it will be
nccessary to modify or replace

. . T t'ng Insu ator Sw'tch
such switches on occasion.

24 . Various Constructions of Outdoor Air
Switches(4)

Side-Break Switch

“Onc in which the travel of the
blade is in a plane parallel to the
basc of the switch.” The hinge-
end insulator rotates to
accomplish the opening and
closing opcration.

S'ng e S'de-Break Sw'tch
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24 . Various Constructions of Outdoor Air
Switches(5)

Center-Break Switch

Onc in which travel of the
blade is in a plane parallel to
the base of the switch and that
opens in the center at only one
point. Both insulators rotatc to
accomplish the opening and
closing opcration.

Underhung Center-Break V-Sw'tch

24 . Various Constructions of Outdoor Air
Switches(6)

Grounding Switch

“a mechanical switching device by
mcans of which a circuit or piece
of apparatus may be electrically
connccted to ground. Some types
usc a normally grounded blade,
which is made to contact the bus or
equipment to be grounded.

Hor'zonta y Mounted Doub e Break Sw'tch
w'th Ground'ng Sw'tc
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24 . Various Constructions of Outdoor Air
Switches(7)

Hook Stick Switch

Onc that is opcned manually by
mcans of a switch stick. Both
insulators remain stationary when
the blade, hinged at onc end, is
unlatched and opened or closed by
the switch stick. These are single-
pole (single-phase) switches..

Hook St'ck Sw'tches on Structure at
Term'nat’on of Bus from Transformer

24 . Various Constructions of Outdoor Air
Switches(8)

Vertical Reach Switch

“Onc in which the stationary

contact is supported by a structurc
separatc from the hinge mounting

basc. The blade in the closed }
position is pcrpendicular to the

hinge mounting base.”

Vert'ca Reach Sw'tch
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29. Surge arrestors or
Lightning arrester

Surge Arresters or Lightning Arresters discharge
the over voltage surges to earth and protect the
equipment insulation from switching surges and
lightning surges. Surge arresters are generally
connected between phase conductor and ground.
In a Substation surge arrester is located at the
starting of the substation as seen from incomin
transmission lines and is the first equipment o
the substation. Surge arresters are e?lso provided
near the transformer terminals phase to ground.
Two tyé)e of surge arresters are available 1)
Gapped Arresters 2) Gapless Zinc — Oxide
arresters.

30. AUTOMATIC CIRCUIT RECLOSERS(1)

» An automatic circuit recloser is a self-controlled
protective device used to interrupt and reclose
automatically an alternating-current circuit through a
predetermined sequence of opening and reclosing
followed by resetting lockout or hold closed.
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30. AUTOMATIC CIRCUIT RECLOSERS(2)

Purpose: Reclosers are installed to provide maximum
continuity of service to distribution loads, simply and
economically, by removing a permanently faulted circuit from
the system or by instant clearing and reclosing on a circuit
subjected to a temporary fault caused by lightning, trees,
wildlife, or similar causes. Unlike fuse links, which interrupt
either temporary or permanent faults indiscriminately, reclosers
are able to distinguish between the two types of faults,
permanent and temporary. They give temporary faults repeated
chances to clear or to be cleared by a subordinate protective
device. If the fault 1s not cleared, the recloser recognizes the
fault as permanent and operates to lock out or, in some

applications, hold closed.

30. AUTOMATIC CIRCUIT RECLOSERS(3)
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30. AUTOMATIC CIRCUIT RECLOSERS(4)

-~ %0y
'n'.‘

1 1e

Rec oser w'th S'ngle-Phase Tr'pp'ng and Three-Phase Lockout

30. AUTOMATIC CIRCUIT RECLOSERS(5)

Application: Automatic circuit reclosers are used in
distribution substations and on branch feeders to protect
distribution circuits and to switch them. (see next page).
Their proper application requires a study of the load and
short-circuit characteristics of both the protecting and the
protected equipment. This includes high-voltage fuses or
other protection in the supply to a substation transformer
bank, a circuit breaker or reclosers at the distribution
voltage supplying the feeder at the substation, various line
reclosers, sectionalizers, line fuses, the wire arc burn-down
characteristic at the fault location, ground resistance, etc.
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30. AUTOMATIC CIRCUIT RECLOSERS(6)

[—SUBSTAT[ON

|
|
8 ——
I 3 TS 3-PHASE / 1-PHASE
| L]NES LINES @
| HlGH—
| SIDE
| FUSE
|
I

TRANSFORMER
69—14.4 kv |

RECLOSERS:

A+ THREE-PHASE RECLOSER PROTECTING FEEDER
LEAVING SUBSTATION
+ THREE-PHASE LINE RECLOSER FOR —10—D)

SECTIONALIZING LONG LINE
« THREE PHASE RECLOSER FOR TAP WITH

LARGER LOAD o— —
SINGLE-PHASE RECLOSER FOR SMALLER

C o w

SINGLE—-PHASE TAP
r SINGLE-PHASE RECLOSERS MAY BE SUBSTITUTED IF
SYSTEM CONSIDERATIONS PERMIT SINGLE—PHASE LOCKOQUT.

Typ'ca L'ne D'agram of D'str'but’on C'rcu’t Show'ng App ‘cat'on of Rec osers

11. AUTOMATIC CIRCUIT RECLOSERS(7)

Single-Phase or Three-Phase: Both single- and three-
phase reclosers are available to satisfy application
requirements.

Single-Phase Reclosers: Single-phase reclosers are used to
protect single-phase lines, such as branches or taps of a
three-phase feeder. They can also be used on three-phase

circuits where the load is predominantly single phase. Thus,

when a permanent phase-to-ground fault occurs, one phase
can be locked out while service is maintained to the
remaining two-thirds of the system.
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30. AUTOMATIC CIRCUIT RECLOSERS(8)

Three-Phase Reclosers: Three-phase recloscrs are used where

lockout of all three phases is required for any permanent fault. They

arc also uscd to prevent single phasing of three-phasc loads, such as
large three-phasc motors. Three-phase reclosers have two modes of
operation.

»~  The first, single-phase trip and three-phase lockout, consists of three single-
phase reclosers mounted in a single tank, with mechanical interconnection for
lockout only. Fach phasc operates independently for overcurrent tripping and
reclosing. If any phase operates to lockout condition due to a permanent fault,
the mechanical linkage trips open the other two phases and locks them open.
Thus, extended single-phasc cnergization of three-phase loads is prevented.
This type of operation is provided for smaller recloser types.

»~  Larger reclosers make use of the sccond mode of operation: three-phase trip
with threephase lockout. For any fault—single-phase-to-ground, phase-to-
phase, or threc-phasc—all contacts operate simultancously for each trip
operation. The three phases, mechanically linked together for tripping and
reclosing, are operated by a common méchanism.

30. AUTOMATIC CIRCUIT RECLOSERS(9)

Construction

Most automatic circuit recloscrs consist of five major components:
tank bushings mecchanism, interrupter and controls. Although
Figures shown refer to oil circuit reclosers many reclosers consist of
the same basic components.

Tank: The tank is that part of the recloscr that houses the interrupter
and tripping and closing mechanisms. The tank 1s usually made of
steel and is rectangular for a three-phase recloser and cylindrical for a
singlc-phasc recloscr. The top is usually an aluminum casting that
supports the various components. Somc new technologics do not
utilize tanks. The intcrrupter may be encloscd in an epoxy bushing
whilc the operating mechanism is enclosed in a steel housing.
Bushings: The bushings arc the insulating structurces including
through-conductors with provision for mounting on the top of the
recloser.
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30. AUTOMATIC CIRCUIT RECLOSERS(10)

Operating Mechanism: The operating mechanism of an automatic circuit recloser
provides the power to open, close, reclose, lock out, or hold closed the main
contacts. The tripping mechanism is the device that releases the holding means and
opens the main contacts. In most cascs, the opening force is furnished by springs
that are charged by the closing mechanism. An operating mechanism is shown in
Figure.

Operat'ng Mechan'sm w'th Hous'ng Cover Removed

30. AUTOMATIC CIRCUIT RECLOSERS(11)

The closing mechanism is a solenoid coil, springs, or a motor and gear
arrangement. The closing force serves to close the main contacts and at the
same time charges the opening springs. The lockout mechanism is the
device that locks the main contacts in the open position following the
completion of the sequence of operation. The hold-closed mechanism is the
device that holds the main contacts in the closed position following the
completion of a predetermined sequence of operation. It holds the main
contacts closed as long as current flows in excess of a predetermined value.
When the current is reduced below this value, the hold-closed mechanism
resets to its initial position.

Interrupter: The interrupter is that part of the recloser that contains
separable contacts that operate within an interrupting unit. The physical
configuration and method of interruption vary with manufacturer and
recloser classification.

Classroom Lesson (Power) -136- English

2013/10/9

28



30. AUTOMATIC CIRCUIT RECLOSERS(12)

Control: Recloscrs are provided with sequence control devices and
operation integrator to change the recloser from instantancous
operations to timc-delay opcrations and to lock out the recloscr
after a prescribed number of operations. Individual tripping
operations of a recloser can be madc to follow instantancous or time-
dclay, timc—current characteristics. Reclosers arc normally sct for one
of the following sequences of opcrations:
a. Four time-dclay opcrations
b. One instantancous opcration followed by three time-delay
opcrations
c¢. Two instantaneous operations followed by two time-dclay
opcrations

30. AUTOMATIC CIRCUIT RECLOSERS(13)

Recloser Operation

When an overcurrent of NTIATION oF
. . SHORT CIRCUIT
sufficicnt magnitude flows
- i ACTUATION OF
through the trip coil or TP CReUiT
5 PRIMARY ARCING
SenSIHg Currcnt CU“:TACYTS PA(:T PRIMARY ARCING

Al A
VINAL ARC CONTACTS MAKE

transformers, the tripping o A

action 1s initiated and the

TIME

contacts arc opcned. The
recloscer contacts then G Tt
reclose following a retense | cponms | aRcins | REGLOSING INTERVAL
. DELAY TIME TIME
predctermined length of o
time (scc Figure — PARTING TIME
ANSI IEEE Std. C37.60 CLEARING TIME
1981 ) Un't Operat'on. Ref. ANSI/ IEEE Std. C37.60-1981
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30. AUTOMATIC CIRCUIT RECLOSERS(14)

By the time the recloser has reassessed the circuit, the sequence control device has moved
to count the trip operation. If the fault still persists on the circuit when the recloser closes,
the tripping and reclosing sequence is repeated a predetermined number of times, as
established by the sequence control device, until the recloser goes to either the lockout or
the hold-closed position. If the fault has cleared from the circuit during any open-circuit

period, however, the +FAST+ OPERATIONS +TIME—DELAY+ OPERATIONS

recloser closes and remains

closed, and the sequence

control device resets so that

(CONTACTS CLOSED)

{CONTACTS CLOSED)

coe s st . LOAD | | | RECLOSER
itis in p051t}on for .the next  olent ’ o
sequence of operations (see

Figure). CLOSED) OPEN)

(CONTACTS | ‘ ‘ ’ (CONTACTS

FAULT TIME W
INITIATED

RECLOSING INTERVALS
(CONTACTS OPEN)
Rec oser Operat'ng Sequence Upon Occurrence of a Permanent Fau t

30. AUTOMATIC CIRCUIT RECLOSERS(15)

Maintenance and Inspection

Installation: Before installing a recloscr, check for external mechanical damage,
oil level (oilfilled reclosers), operating scquence as specified, and the record
reading on the operation counter. Periodic inspection and maintenance are
essential to ensure efficient, trouble-free service of an automatic circuit recloser.
Once an automatic circuit recloser is installed, it should be placed on a periodic
schedule of test and inspection. Frequency of maintenance should be based on the
manufacturer’s recommendations, elapsed time in service, and number of
operations. Many of the new vacuum technologies do not require the frequency of
scheduled maintenance that traditional oil circuit reclosers do. Such test and
inspection should cover timing tests and checking of bushings for cracks and of
the tank for oil leakage, as well as recording the counter reading. Internal
inspection should include contact maintenance or replacement; a check of all
gears, linkages, timing devices; test of the oil, cte.
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30. AUTOMATIC CIRCUIT RECLOSERS(16)

Mounting

Most reclosers, both single- and

three-phase, arc suitable for

mounting on poles (see Figurc)

and substation structures. Single- 5 7
phase reclosers can be mounted ' N
singularly or in clusters. Three-
phase reclosers have mounting
frames that are suitable for base
mounting, pad-mount cnclosure
installation, or modification for
pole or substation structure

mounting.
Mounted Rec oser

31. Current Transformer(1)

Current transformers are used for Stepging down current for
measurement, protection and control. Current transformers are
of two types

1. Protective CT
2. Measuring CT
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31. Current Transformer(2)

Bar: A bar-type current transformer is one that has a fixed, insulated straight
conductor in the form of a bar, rod, or tube that is a single primary turn passing
through the magnetic circuit and that is assembled to the secondary, core, and
winding.

Bushing: A bushing-type current transformer is one that has a round core and
a secondary winding insulated from and permanently assembled on the core
but has no primary winding or insulation for a primary winding. This type of
current transformer is for use with a fully insulated conductor as the primary
winding.

Wound: A wound-type current transformer is one that has a fixed primary
winding mechanically encircling the core; it may have one or more primary
turns. The primary and sccondary windings are completely insulated and
permanently assembled on the core as an integral structure.

31. Current Transformer(3)

Double-Secondary: A double-sccondary current transformer is one that has
sccondary coils cach on a separate magnetic circuit with both magnetic circuits
excited by the same primary winding. Multiple-secondary (three or more)
current transformers are also manufactured. Window Donut: A window- or
donut-type current transformer is one that has a secondary winding insulated
from and permanently assembled on the core, but has no primary winding as
an integral part of the structurc. Complete or partial insulation is provided for a
primary winding in the window through which one or more turns of the line
conductor can be threaded to provide the primary winding.

Bush'ng, W'ndow, and Wound-Type Current Transformers
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31. Current Transformer(4)

3l

!

H'gh-Vo tage Current Transformers

32. Voltage Transformer(1)

Voltage transformers are used to step down the
voltage for measurement, protection and
control. Voltage transformers are of two types.

1. Electro magnetic type

2. Capacitive VT located on the

feeder side of the Circuit Breaker.
il
[ ___d
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32. Voltage Transformer(2)

[

=

%
i ' \
ko '
IR

Vo tage Transformers

33. COUPLING CAPACITORS AND COUPLING
CAPACITOR VOLTAGE TRANSFORMERS(1)

Both coupling capacitors and coupling capacitor voltage
transformers are single-phase devices that utilize one or more
capacitor units, usually mounted on a base, to couple a
communication signal to a highvoltage power line.

Coupling capacitors %CCS) are used in conjunction with line
traps and line tuners for power line carrier (PLC)
communication over high-voltage power lines. A CC with an
clectromagnetic unit 1s called a Coupling Capacitor Voltage
Transformer (CCVT). CCVTs can be used to supply voltage
for metering and protection applications similar to a voltage
transformer.

The ANSI Standard applicable to the power line coupling
capacitors 1s ANSI Std. C93.1, “Power Line Coupling
Cagacnors and Coupling Capacitor Voltage Transformers
CCVT) Requirements.” This standard covers such items as
efinitions, service conditions, ratings testing and
manufacturing requirements.
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33. COUPLING CAPACITORS AND COUPLING
CAPACITOR VOLTAGE TRANSFORMERS(2)

Coupling Capacitor Voltage Transformers

Coupling capacitor voltage transformers, commonly termed
capacitor voltage transformers (CVTs), are devices used for
coupling to a power linc to provide low voltage(s) for the
operation of rclays and metering instruments. Power line carricr
accessorics or provisions for future installation of carricr
accessorics may be included in the basc.

Jn

Coup 'ng Capac'tor Vo tage Transformers W'th and W'thout Wave Trap

34. Lightning Protection

Lightning protection 1s used to protect substation equipment
from direct lightning strokes. Lightning Masts are located at the
outdoor yard. Overhead Shielding wires are used to cover entire
outdoor yard.
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35. Isolated Phase Bus System

[solated Phase Bus System provides connection
between Generator and the main Transformer. It
carries very high currents.

36. Neutral Grounding Equipment

Neutral Groundinl% Equipment are Resistors and reactors. They
are used to limit the short circuit current during ground fault.
They are connected between neutral point and ground..
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37. Line Trap -

Line Trap consists of Inductive coil usually connected in the
outdoor yard incoming line. Line traps are usually mounted

above Capacitor Voltage Transformer (CVT) or on separate

structure.

38. Insulators(1)

Used for Insulation purpose. Different types of
insulators are porcelain, Glass, Epoxy.
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38. Insulators(2)

Post-typc apparatus insulators
are the type most often used
today for ncw substation
construction. The uniform
profile and smaller diameter
cnhance insulator appearance.
Post insulator typcs in gencral
use arc made of porcelain and
polymer.

Stat'on Post Insu ator

38. Insulators(2)

Suspcnsion insulators are used as insulation and support
for strain buscs in substations. Suspcnsion insulators are
availablc in sevcral forms to suit individual cquirements.

Suspens’on Insu ator

C %

ass
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39. Power Cables

Power Cables are used to carry the power. They
are single core and three core. Types of power
cables are PVC insulated, XL PE 1nsulated.

40. Control Cables

Control Cables are for protection, control and measurement ctc..
They are of low voltage and PVC insulated. Control Cables are
Multi core and Shielded.

39
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41. Station Earthing System(1)

Station Earthing System includes Earth Mat and Earth
electrodes placed below ground level. These Earth Mat and
Earth electrode 1s connected to the equipment structures, neutral
pmrﬁ_s for the purpose of Equipment earthing and neutral point
carthing.

Eunction carthing system is to provide low resistance earthing
or

1. Discharging currents from the surge arresters, overhead
shielding, earthing switches

2. For equipment body earthing

3. For safe touch potential and step potential in substation.

41. Station Earthing System(2)
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42. Metering, Control and Relay panels

To house various measuring Instruments, control Instruments,
Protective relays. They are located in air-conditioned building.
Control Cables are laid between Switchyard equipment and
these panels.

. I ?rgig !l l!

AoE
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"
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43. Switching Schemes or Busbar
Arrangements in Substation

Burbars are the important elements in the substation. Bus bars
acts as nodal point in the substation which connects different
mcoming and outgoing circuits.

Substations present in the power system performs various
operations depends on the application such as stepping up the
voltage, stepping down the voltage, high voltage transmission
and switching stations to route the power to desired load center..
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44 . Busbars in Substation

Busbars used in the substations are
generally rectangular or circular cross
section bars. These busbars can be
either solid or hollow structures. Hollow
circular cross section busbars are
employs in EHV substations to reduce
the corona effect.

45. Switching Schemes

Switching schemes implies different methods employed to
connect electrical circuits in the power system to transfer the
clectrical power 1n reliable manner. Switching schemes helps in
deliver the electrical power to power system 1f any part of the
system 1s faulty or under maintenance.

Substations use different types of busbar arrangements or
sw1tch1nF schemes depends upon the application, reliability of
the supply and cost of installation. In every substations busbars
plays a common role to connect different circuits. However
switching is possible in the power system with the help of
circuit breakers and isolators.
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46. Different busbar arrangements

Some of the switching schemes are busbar arrangements
employed in the substations are listed below:

A) Single Bus-bar arrangement

B) Double Main Bus-bar scheme

O) Main and Transfer bus-bar scheme
D) One and half breaker scheme

E) Ring Main arrangement scheme.

4'7. Single Bus-bar scheme(1)

This 1s the simplest busbar scheme available which consists of
single set of busbars connected to the generators, transformers
and load feeders. All the feeders are connected by circuit
breaker and set of isolators. This arrangement helps to remove
the connecting elements (Generators, transformers, etc. ) for
maintenance by opening the circuit breaker contacts and further
opening the isolators.

Disadvantages:
- Fault on the busbar all the feeders
connected to the busbars should be

Advantages:
- This busbar arrangement
enjoys less cost of installation disconnected
- Less maintenance - when Busbar is under maintenance total
- simple operation supply and all feeders should be
disconnected
- Least flexibility and reliability
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48. Single Bus-bar scheme(2)

49. Double Main Busbar Scheme(1)

Normally in double main busbar scheme each circuit 1s
connected to both the buses. In some cases half of the circuits
can be connected and operated on each bus, in these cases bus or
circuit breaker failure would cause loss to half of the circuits. In
double main busbar arrangement one or two breakers can be

rovided for each circuit. Double main busbar and double

reaker scheme provides high reliability in the case of fault or
outage of one of the breaker.

Advantages: Disadvantages:
- Any circuit can be taken out of - Most expensive
circuit for maintenance - Loose circuits connected to busbar

- Flexibility in connecting the feeder when fault occurs on the busbar
circuit to cither of the busbars
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50. Double Main Busbar Scheme(2)

51. Main and Transfer Busbar Scheme(1)

Main and Transfer busbar scheme 1s similar to single busbar
arrangement with additional transfer bus connected. Tie circuit
breaker is provided to tie both the main and transfer bus. During
normal operation all the circuits are connected to the main bus.
When circuit breaker connected to the circuit (transmission line)
1s required to trip for maintenance, tie circuit breaker connecting
the main and transfer bus 1s closed. The relay protection for the
circuits connected to the transfer bus 1s taken care by the tie
circuit breaker.

Advantages: Disadvantages:

- Low initial cost - Requires one extra breaker for bus
- Any breaker can be taken of circuit tie

for maintenance - Switching is somewhat complicated

when breaker is under maintenance
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52. Main and Transfer Busbar Scheme(2)

Man Bu

Bus
Tie

([

Transfer Bus

53. One and Half breaker Busbar scheme(1)

In One and half breaker scheme, two circuits are connected
between the three circuit breakers. Hence One and Half breaker
name was coined for this type of arrangement. Under normal
operating conditions all the%reak_ers are closed and both the
busbars are energized. Any Circuit fault will trip two circuit

breakers and no other circuit will be affected in this arrangement.

When a busbar fault occur only breakers adjacent to busbars
trips and no circuit will loose power. Two busbars can also be
taken out of service with out affecting the power flow if the
ower source circuit (alternator circuit) and receiving circuit
E)transmission line) available in the same bay.

Advantages: Disadvantages:

- Most flexible operation possible - High cost

- High reliability - Relaying is somewhat complicated
- Bus failure will not remove any since the middle breaker must
circuit from service responsible for both the circuits on

either direction and should operate
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54. One and Half breaker Busbar scheme(2)

Eoutce 1
N e
— 4}
L

Loag2

Bus A

Bu B

55. Ring busbar scheme(1)

In this ring main busbar scheme arrangement, breakers are
connected 1n ring and circuits are connected between the
breakers. There will be same number of circuits as the number
of breakers 1n the arrangement. During normal operation all the
breakers are closed. During circuit fault two breakers connecting
the circuit trips. During breaker maintenance the ring is broken
but all the lines remain in service.

Advantages:

- Low cost

- Flexible operation for breaker
maintenance

- Any breaker can be taken out of
service without interrupting load
- Power can be fed from both the
direction

Disadvantages:

- Fault occur during maintenance will
break the ring

- Relaying is complex

- Breaker failure during fault will trip
one additional circuit
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56. Ring busbar scheme(2)

48
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VI. TRANSMISSION AND
DISTRIBUTION SYSTEM

VI. TRANSMISSION AND
DISTRIBUTION SYSTEM

INTRODUCTION
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Power Transmission Equipment

» Step-up and Step-down
Power Transformers.

» Voltage regulator
» Phase shifter

> Transmission lines and
cables

> Circuit breakers and
1solators

» Shunt and series
reactors and capacitors

» Lightning arresters
» Protective relays

»> Fact devices (SVC,
Statcom, TCSC, etc.)

» Converter and Inverter

Distribution System Equipment

» Distribution transformers

» Feeders (overhead or underground cables)

» Switches, fuses, etc.
» Protective relays

» Lightning arrestors
»CT PT
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Overhead vs. Underground Systems

Underground cablcs are tcchnically advantages than the
overhead lines

Not exposed to environmental conditions
Inductance is lower in cable so voltage drop is less

But cables are much more costlier than overhead lines for
samc dispatch capability and voltage

Cost of conductor is high

Cost of insulation is high

Ercction cost is lower for cables but high maintenance cost.

Overhead vs. Underground Systems

Capacitance is predominant in the cables.

This gives large charging current which limits the length of the
cables.

Therefore long distance transmission overhead lines are preferred.
Cables arc mainly used at distribution levels.

Cables arc preferred in following conditions:
Public safety involved and low interference is required
Large populated cities
Scenic beauty of city is important

Submarine crossing, and substation and transformer connections
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Choice of Working Voltage

The cost of conductor is expensive item in overhead
transmission and this 1s greatly affected by the choice of
the voltage level.

V, V,| mV,

I, L I, m
R, R,| m’R,
a, a, a, m’

There will be a saving in cost of conductor material if the
power is delivered at higher voltages.

Choice of Working Voltage

But higher system voltages will entail more cost of
insulation in equipment like transformers circuit-
breakers, and switches.

Cost of insulation increases rapidly with increasing
voltages.

Therefore for certain length of transmission line, the

voltage level beyond which it becomes uneconomical.

Therefore, the question is how to select the
transmission and distribution voltages?
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Choice of Working Voltage

> If C1s total annual cost as function of conductor
cross section 4 and working voltage V

C fi4V)
» For minimum cost

of o4 0

of oV 0

» This will result in most economical conductor cross
section and system voltage, if the function f can be
defined accurately.

Choice of Working Voltage

» C = annual interest and depreciation on capital cost
(fixed cost) annual cost of energy losses
(operational cost).

» Operational cost depends on conductor cross section,
voltage, power factor, change in load time to time,
harmonics, etc.

» Thus, function f depends on many factors and
complicated enough to describe it mathematically.

> Hence determination based on economic basis 1s
unsatisfactory.
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Transmission Cost as Function of
Voltage Level.

Yﬂ cost

\ Fixed cost

Transmission cost -

per unit energy
transm tled

Operational cost

!
i
|
1
H
1
!

Optimum oltage level Voltage iavel

Choice of Working Voltage

L kVA » Vis the line voltage in kV
V = 5-5 P + o . . . .

1.6 150 > L 1s the line distance in km

L 3P » P is the estimated maximum
V=55|—+— .

16 100 powecr in kW pcr phasc

Using these empirical relations preliminary estimate
is made.

Then voltage level is chosen by doing complete
economic study of existing interconnected system.
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VI. TRANSMISSION AND
DISTRIBUTION SYSTEM

LINE PARAMETERS

Electrical Parameters

> Resistance
»Inductance
» Capacitance

> Conductance

» Conductance is due to leakage over line
insulators. It is very small and can be always
neglected.
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Types of Conductor

» Copper
» Aluminum: Cheaper, lighter, but less conductive
and less tensile strength than copper
» ACSR (Aluminum Conductor Steel Reinforced)
» AAC (All Aluminum Conductor)
» AAAC (All Aluminum Alloy Conductor)
» ACAR (Aluminum Conductor Alloy Reinforced)
» Expanded ACSR

ACSR Conductor

Atluminum

Steel

» Internal steel strands increase the tensile strength
» Outer aluminum strands carry the current

» Stranded conductor with twisted wires for
strength and flexibility of mechanical handling.
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Resistance

»The DC resistance of conductor at specified
temperature is:

» p 1s the resistivity of the conductor at temperature 77
~ [ 1s the length of the conductor in m

» A is the cross-scctional area of conductor in m?

Resistance

» Temperature dependence of resistance:
R=R1+aT)
> R, is the resistance at 0°C

~ o, 1s the temperature coefficient of the resistance of
conductor at 0°C

» Thus, if the resistance at temperature 7 1s known, the

resistance at any other temperature 7, can be

computed using: R, (@ r)
» _ Wy +1,

R, (e,+T1)
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AC Resistance:
Skin and Proximity Effect

Skin Effect

Proximity Effect

Resistance
Copper 100°0 1.2
Aluminum 61°% 2.83
Iron 1 .2% 10
Silver 1080 1.59

» Resistance depends on:
» Temperature
» Dimensions

»Frequency
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Inductance

» Most dominant line parameter
di dA di di
R
dt di dt dt
» Therefore ;_di
C i

» In linear magnetic systems 7, :i

)

» Mutual inductance is: M, = ’j”

Steps in Calculating Inductance

» Magnetic field intensity (H) using Ampere’s law
» Magnetic flux density B (=uH)
» Flux linkages (1)

» Inductance from flux linkage per ampere (L=4 /)
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Internal Inductance

7
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Internal Inductance
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External Inductance
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External Inductance
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Flux Linkage of Conductor A due to
Current in Conductor A

A — Da
Ay, =2%10" Iln

'

2

Flux Linkage of Conductor A due to
Current in Conductor B

) B D
/"APBZZXIO (*])ln?
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Total Inductance

+ A

Ay = Aups T e

D D
=2x10 ITln— -2x10 [Iln—
r' D

4
= 2x10 Itln[lq+lnD ln(lWlnD )
o D/ )

ry

0 2|

7/
If P is at very long distance from conductor D = D

)
A, =2x10 Ikln[?ﬂ

rJ

L,=2x10 [m(Dﬂ

4/

Inductance of Three-Phase Line
(Symmetrical Spacing)
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Flux Linkage of Conductor A due to
Current in Conductor A

A — Da
Apy =2x107 1, 1n

'

2

Flux Linkage of Conductor A due to
Current in Conductor B

) _ D
/"APBZZXIO ] ln?
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Flux Linkage of Conductor A due to
Current in Conductor C

i B D
/"A-JPC:ZXIO ] ln?

Inductance of Three-Phase Line
(Symmetrical Spacing)
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Inductance of Three-Phase Line
(Symmetrical Spacing)
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Inductance of Three-Phase Line
(Symmetrical Spacing)
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Inductance of Three-Phase Line
(Symmetrical Spacing)
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Inductance of Three-Phase Line
(Asymmetrical Spacing)
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Inductance of Three-Phase Line
(Asymmetrical Spacing)

I =d*l and I =al,

L, 2 107 1n—,+a21nDL+a1n !

a
r b D e

L, =2x107 lnl,+alnD—+ajln—

r ab DM
_7 1 1 1
2 107 ln—+lln—+1h A1 .1 1
r Dy D, L, 2 107|ln=+a’ln — +alh —
r ‘Dm. Dbe
2 107 J'b]nl,'*'fnhlL*']‘ln !
r D, D,
3
2, =2x107 z,ml,wgmLu,lnL
r Dca. Dbc

Inductance of Three-Phase Transposed
Line (Asymmetrical Spacing)

» Asymmetrical spacing
causes flux linkages and
inductance for each
phase to be different.

» This results in unequal
voltages at the receiving

end.
Position 1 a b
Positon2 P ¢
Position 3 €
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Inductance of Three-Phase Transposed
Line (Asymmetrical Spacing)
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Composite Conductors

© 00
o Od
O O O O
Conductor x Conductor y
;,a=2xm-v£[mg+m¢+mL+...+m;
2 ‘rx od or Dm-
—2x10'7i[1n LT S B LI
m| Dy Dy D, D,,

Composite Conductors

2 2 107 lenin e L
n| r ” D, D

x

-2><]0-7i1n ! +1n 1 +1n ! +...+1nL
m| Dy Dy D, D

© 50

TORNROL A, 2 10 1p 3 2ee D Do Do

n() (O

Conductor y

O On

Condtictor x
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A
¢ a’ b L, =+—2+
©C H O T
JIONNOL +. DDy Dy Do
2n 107" In =
0 o O O DD Do
Conductor x Conductor y
Similarly,
1, = 2x10° 1 ¥ Doy Dac Do
2, 2 10"11nﬂD“”D“°'D“""DM YriDe Dac"'Da,
‘ 1D, D,
\J'!f" 23 L{=2n><10_7 ‘JDchbD
2r'D,.D,, D

Composite Conductors

O
o) O
O On

Conductor x

Composite Conductors

a’ b
O O =La+La+Lc+"‘+L
O O .

Conductor y

n strands that are electrically parallel:

Lﬂv_x _La+Lb+Lc+...+L”

I =

x 2
2 1]
DD, D D,
"‘!j'r;Da)Daz: Dar
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Composite Conductors

A A -l Lrhelbeed

’"O OC, Substituting the values of L, , L elc.

0> [ o 107y SMD
Conauctor x Conductor y 1077 In IR,
Where,
- A
L, = (1/7) OMD = (Do Doy Do Do oo (Dog Dy Doe Do)
wD DD D
=2n><10'7[n\1{ ez b M = GMR, =nf{riDyD, Dp)-(riDwDy D)

vr;Da.bDu"'Dax

Composite Conductors

. b
@) 6 O L, =2x1071n SHD
O O GMR,
0 o O O
Conductor x Conductor y
Where
GMD = ”{f(DmDab Da;' Da.w-) """ (Dna.' D?ab D?-'o’ o D"”’ )
GMR, = ‘:,{(r;DabDa.c Dar) """ (er‘D?.'a.Dnb D, -1)

Classroom Lesson (Power) —182- English

2013/10/9

26



Bundled Conductors

C—©

» Extra high voltage lines corona causes problems
such as power loss, interference, etc.

» The high voltage surface gradient is reduced
considerably by having two or more conductors.

» It also reduces the inductance of lines by reducing
voltage drop.

Bundled Conductors

@_@ L=2%x10"1m _GDﬂD_ where n=23 ...

.S

D,,, =4(D,xd} =D, d

DJ.3& =2](DJ XdXd); =§JD5 d2

D,y» = 5D, xd xd x2a) =1.094/D, &

Where, D, is the GMR of the conductor
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Line Parameters Preview

> Resistance

» Inductance
» Inductance of single conductor

» Inductance of three-phase line (symmetrical,
asymmetrical spacing, transposition)

» Composite and bundled conductor

Capacitance of a Straight Conductor

» Capacitance in a transmission line results due to the
potential difference between the conductors.

» The conductors get charged in the same way as the
parallel plates of a capacitor.

» Capacitance between two parallel conductors depends
on the size and the spacing between the conductors.

» Usually the capacitance is neglected for the
transmission lines that are less than 80 km (50 miles)
long.

» However the capacitance becomes significant for
longer lines with higher voltage.
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Capacitance of a Straight Conducto

Capacitance of a Straight Conductor
— g
- =~ - E =
///'/—\ \\\ 27 x &
{7/ Db
HECShy T
e V2 = Jde
\ - /
\\ Va
e - -~ D?
= T ax
27T X &
R 2t D

29
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Capacitance of a Single-Phase Line
Let us assume that conductor | carries
@ @ a charge of ¢ C m while conductor 2
L 5 ; 2 carries a charge g, C m.
—— D—>E

D>>r, and r, and ground influence
also is neglected

q D

) e

o = d & l
27 D 7
°o0 Vol =g 5

Capacitance of a Single-Phase Line

@ Let principle of superposition
™ =2 P2 =Va(g) + Valqa)
—— D—

='?1 £+Q2h

2rg 21 D

)

Assume that ¢, (=-¢q, ) isequal to g
9 D

Malg) = 5——ln —
1244 e v V12=2q mg_zq "52
TE B g
Y2(g2) szolnD _ 9 D_2
2T g N

30
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Capacitance of a Single-Phase Line

12 3 2
S

Assuming r =r,~=r

D
V,=2 ;=

TE 7

T &
Cyp =
n(Df )
Cond 1 Cond 2
Capacitance is defined between the
C C
conductor and neutral
Cond 1 Neutral Cond 2
27
n? C=20,=S%
Vi = 9 .= In (D)"r)
T g nh

Capacitance of Single-Phase Line

N,
A(9 8(5) T
q

g

Fa

oD
D
Vag-a J Esdx 2:{_( In l.]
£0

q s
Vas. Ey d _.]
AB~B ~[D 5 da e anD
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Capacitance of Single-Phase Line

The total voltage is the sum of the geerated voltages Vap 4 and Vip

R S S ‘_f..,[B] 4,

2me A 21TFO D

2
( D-
1 In
2mey 1At

If the conductors have the same radius, ry=ry=rn,

D
Vs ——1In H (V)

TE)

TEQ

In |2

!

Cas

(F/m)

Phase to Neutral Capacitance of Single-
Phase Line

a’ Cac Cae q g
F M| A\l = A1«
PO O
i H
; Vag i Vag | Cag =z, Vag
: Vv, i
1 AB 1
: : Vap
Che ==
2mey Vae
Cra o (F/m)

H o
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VAB due to charge QA

———

P
b ~
’ ~
rd ~
N
A Y
\
\
AY
AY
A
A
\
A i
B
o D o o
1
Qa i
[
]
7
7
/
/
4
N ’
~ ’
~ rd
S -7 D Q Q
di = -=4 n —8

VAB due to charge QB
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VAB ,dﬁe to charge QB

/ -~ ~
1 - ~
rd ~
/ R4 ~
N
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] ’ \
1 / \
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I ! D
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Voltage Difference between conductor A

and B
Q4 D Q 3 - Qc DAB
vV =—=d4 n—HE vV ==5 In—£- Vig ¢ = In
B AT p 4B B 21g, D, 2ne Dy

Using the principle of superposition
Ve=Vie +Viep+tVic

Y In DAB+ O In g n O In Dy

727[50 r, 2ne, D, 2me D,

Similarly,

V

AC

_ 9, lnDAc+ Op lnDB n o In_'c
r

2re 2re D 5 2ms D,
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Symmetric Spacing

V= 0 1n£2+~é;14n r, @ D

B = —+ In—
2ne ro 2ne, D 2ne D

1 D FW
= In—+Q,In—
ZmTKQA r s D)

&1n2+&1n2+&1ni
27e r 2ne D 2re D

1 D r
=— In—+ lngfw
27e (QA r Q D

‘)

V

AC

Phase Voltage

Vg =v3V 30 and Vie = = Ve, = V3 Vi =30

Therefore, Vyp can be expressed in terms of Vay and Vi as

. Vi + Vi
AN —
3
substituting Vi and Ve
Vig = n |2 4gein | S+ g 2] +gein |
e | L R I C e R
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Capacitance of Symmetric Three-Phase

Eine
ool
-+ ((]}3, + qc) In |é} (V)

Under balanced conditions gy + g+ gc — 0, or —ga— (gr+ g¢ )

I D r
2 ) R — /
Gmen {_q,\ In [’] Ja In {D]] (V)

1 D
_ ; (v
2"“'(9() q\ ln { 1 ( )

D r
- + ggln ) + qaln

1
Vin = Al
AN p— H(I.\ n

1

— 2¢a In
o0meEy { A

Vin ;

Capacitance of Symmetric Three-Phase
Line

ga In [’21 (V)

1
Vin —
W 2mey

The capacitance per unit length between phase A and neutral

qa 2meg

Vax In [B]

(F/m)
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Three-Phase Asymmetric Transmission
Line
Vig on the first, sccond, and third section of the
transposed line

1 Dag r D /
VAR fist — S ga In ] ] {]nln[DAJ qe IH[DA(,H (V)

Y Dy
galn _] + gpln [; + g n[ AC } (n
r

VAB second

?_TTI;‘() DB l-)*\B
V. : In Pac + ln + g ln (V)
ird — ( — ¢ -
AB third 278, 1A ; 1B I Dnc

Three-Phase Asymmetric Transmission
Line

Similarly, the expressions for V¢ on the first, second, and
third section of the transposed line

1 D¢ -
VAC firt = gaInj—| + ggIn|— DB + qcln !
2TEp r Dac
1 | D | D¢ | r
e gy In -+ g In )BC -+ qc In D.»\B
1 Dxgc Dy
V\C third = R; [(1\ ln[ ] + qgIn [L ] + qcIn [DBC”

VAC second =
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Three-Phase Asymmetric Transmission
Line

V\B first + V,\B second T v,\B third
%

D\ D.\CDBCJ
r)

V\B trarsp

— qa In + g ln

DicDieDac V)
67Ey

1
] T DDy Dee

’.3
D gD ¢ Dac
ViC tirst T VG second + Vo
3
D,\BD:\CDBC}
3

VAC trar sp =

DD, - -
+ g In [~—‘———-'“‘ '\CDBC} +q . In L J(V)
DiapDacDrc Dy DacDac

= 1
678 win

the phasc to-neutral voltage Vin (phase voltage) is

V\B tran + v.»\C transp
%

\/.\N transp —

Capacitance of Three-Phase Asymmetric
Transmission Line

V\R transp + V/\F transp
3

1 DpDacDpc
-~ [2 qaIn [M'\B ':C B(‘] +{qs + q¢)In
187mey, I

V.\N transp

-
DypDic DBCJ ]

For a balanced system where —g\ = (gs+ qc)

v _LABLthhc}
AN transp == Ja In N
61EY | r

B 1 I [GMD
T 2me o n | T
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Capacitance of Three-Phase Asymmetric
Transmission Line

Finally, the capacitance and capacitive reactance
per unit length, from phase to neutral

. N (1_\ _ 2’1T8()
C.\N transy V_\Nt_“ = | [CJNID:| F m
n

Te

1 1 GMD
X o = — = — In OQm
AN transp 277]‘(:_»\}\} ransp 4’”]“8( [ re :| I

Effect of Earth on Capacitance

T

Earth s Surface
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Effect of Earth on Capacitance

2H
Earth's Surface

Effect of Earth on Capacitance

BO s T
Overhead Conductors |
T F A O qa 5 o G+ Dg
Dal f Dc
Dan: =i2DA E : Earths Suﬁac;bBB _ 2Dy
' Dggr = 20¢
- AL iGa ' g x

Image Conductors

40
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Three-Phase Line

BOQB Ky

Overhead Conductors
P A = C =S D
Da } Dc
. ‘.
Daa 204 E Earth’'s Surface Dag = 20g
Dee = 2D
N AT —qa ) c ' v
Image Conductors
B —gs v
Dag B Dpe:
qvIn[——| + ggln ——| + qc In -
, 19 Dar Dac ;
Vap = (\ )

N 2’11'80 D.»\B
—qy In B In

bt

Dgg —acln Dy
D B

Symmetrical Three Phase Line

D - P
i In —'EJ -+ gpln —’~B~] +q In [DBL‘]~
1 I Dr Dy V)
M e 1o Dap 1y Dee | P
gy In Do, @i 5 qQ11[AC
F=T4=Tg=1¢ D= Dy Dy — Doy

1 D Dy ! Dyp
Vig — = - I
\B e [q_\ (ln [’_ In Do ) + qs (ln ) In D gl
Similarly,
1 D Dy Deg r D
2me [{14\ (lﬂ [TJ - Dy, > i Dier Fap| Daer
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Capacitance of Symmetrical Three

Phase Line
The phase voltage Vi

Vg = Vap + Va

~

J

1 ( D
— ga | In In
2TEg !

Thereclore, the phase capacitance Cypy, per unit length, is

¥/ Dap Dpe Dey
/Dan Dy Do

(ﬁ (] A L) 0
AN — — i S
Yav n /Dap Dyc Dy
In ] In " _—
V Daa Dpp Do

Dey Dep r D ,
n BCC) qgIn Do +¢q . |In ) —~In D v)

F m)

VI. TRANSMISSION AND
DISTRIBUTION SYSTEM

PERFORMANCE OF
TRANSMISSION LINE

(LINE PARAMETERS-PART 2)
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Distributed and Lumped Parameters

V.

s

Transmission line with
uniformly distributed line
parameters (R L. C G)

Small section Ax

» == Series impedance unit
7 Ax length phase

I(x+ Ax) I(x) A~ Shunt admittance unit
Tength phase

Voor A%) Ax Ve ~ [ =Length of transmission line
X X . L
Y ~ 7 Total series impedance

phase

~ Y Total shunt impedance
phase

Transmission Line Models

» Short line : Length less than 80 km.
» Shunt admittance is neglected
» Lumped paramcter modcl
»> Medium line: Length between 80 km to 250 km.
» Shunt admittance nceds to be considered
» Lumped paramcter modcl

~ Nominal 7 model
~ Nominal 7' model

» Long line: Length longer than 250 km.
» Distributed paramecter modcl
» Shunt admittancc effect is important
» Equivalent  or 7 equivalent can be derived

Classroom Lesson (Power) —199- English

2013/10/9

43



ABCD Parameters of Transmission Line

Transmission , A c-5
Vs Line Ve AP
Vs s

{{S =AV2+BZ.‘.’ ’ L2ly, o P l.ﬁ.v,-o

Iy =CV,+Di,
Matrix Format

{VS}{A BHVR} AD-BC =1
I C DI, A=D

Short Transmission Line

7-R jX
— W ——=

V S VR

V, =V, +ZI, {Vﬂ {1 Z} {Vﬂ
Matrix Forma =
lo=1, t 1 I 0 1]/,

A=1, B=7,C=0,D
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Regulation of Short Transmission Line

Vol = (Velcos g 1[RY +(vy|sin g +[1 x ) X

Vi = Vi cos’ g+ 1°R> +2V,I|Rsin g+ ¥ sin® g+ I X + 211X sin ¢

Vs Z\/VR7 +2VRIRSiH¢+2VRlein¢+[2(R2 +X2)

2

2 VR\/1+ 2/Rsin ¢ N 21X sin ¢ N [“(R~ TX)
v Ve 7

R

Small quantity

Regulation of Short Transmission Line

2IRsin ¢ 21Xsin¢j P
Ve =V, |1+ + — &~ (D)@
} R\/ [ Ve Vi e 72(172;7)(;7!)34"

7

VSVR[1+IRsin¢+IXsin¢] g

R VR

Ve =Vi +IRsin g+ [X sin ¢

Regulation = M
R

caution [ Rsn6_1sns
R Vi
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Medium Transmission Line

» Medium transmission lines are modelled with lumped
series impedance and shunt admittance.

» Nominal = Representation

»~ Nominal 7" Representation

Is

—

Nominal 1t Representation

7—-R jX

v Iz,

I

ETV

ﬂ_[,k

3

§

z-q]{fk +Z1,

v, Zh+V, Z[D};+!R]+VR

I, L+, L+L+1,
=£K+£V‘,+1P

2 2 ° 7

¥z 7
—’,=§[[7+1]V3+312]+5Vg+33

=Y(%+1]VR+[%+1].€12
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Nominal it Representation

3

e ()

Therefore 4, B, C, D parameters

A=D=[£+1]
2

B=28

C Y[Y;Z +1]mh

v =[—+1]V +ZI,

Nominal T Representation

72 J

S VYT m—m——”‘*'

hY |
Pal

|

Z
Vi =V g and 1, =YV,

VA VA VA W Yz
Ve=Vo+ I+ =YV, + =1, |+ 1 YVN[—”]&
N R 2 R 2( LR 7 R’) RJ 2

v, = [% +1]Vp + z[_ + 1]12
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Nominal T Representation
vz 24

v, - [7 1]{/3 + Z[7 + 1]1,2

Iy =1V, +[%+1]!2

Therefore 4, B, C, D parameters

A=D=[£+1]
2

B=Z[£+1]Q
4

C =Y mho

Long Line Model

' Al
Iy TRV BV VR W I,
H H
h] I AJ[ ' v :IV
i
1 f H
e \
i / .
A dv
AV == —=k —=Z
Ax dx

A+ AV Yy b =V bx+ Ay Ax :% =l

di
dx
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Long Line Model

av dl
av - 4
e y/A And o y

Again differentiating with respect to x

dfd¥ =zd!
ax | dx dx
@ Solution of the
differential E n.
a*v = -
o -yzt =0 4 Aiex‘b_ + A

Long Line Model
V- J]iex"b_‘" + Aze_”“‘—

Differentiating with respect to x

e

- are T - 4z
X

We know that
av _ LU A A
dx z| dx zfy z{y
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Long Line Model
V= A,ex"b_z + Age_”' .

_—[ ] Z;)' b

¥ =+Jyz which 1s called the prepagation constant

Zo= JE €2 which 15 called the charucteristic impedance
Y

Long Line Model

A .4
= L - =g -2 pF
vV Jqlé .sze ZC Zc
At x=10.
V="Vyand I=1,
V + ;=ﬁﬁﬂ
R ‘rql A‘? z Zc Zc
Solving for 4 and 4,
V9+Zc!p VP_ZCZP
R 2 and = R R
A 2 & 2
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Long Line Model

We are interested in terminal conditions: x  / we have V=7V,

and / =/
v, = Vet Zcly ot Ve 'Zc[.-'ee-pl

2 2
I = VefZot Z.-".‘eri _VafZe— 1y o F

Long Line Model

-

Ve =cosh(# W, + Z.sinh(4)I,

I = ;sinh(M)VR +cosh(ﬂ)]R

“C

=cosh ¢
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Long Line Model

Ve =cosh(# W, + Z,sinh()1,

I = ;sinh(ﬂ)VR +cosh(y)I,

“C

Th ABCD parameters of the long transmission line

A=D=cosh#
B =Z smnh ¢
C=smh;<t’

ZC

Method to Evaluate Hyperbolic
Functions of Complex Number

vi=al+jpl

cosh(ed + jpI) = cosh(ed) cos( 1) + jsinh(ed ) sin( f)
sinh(ed + jpI) = sinh(ad) cos( f) + j cosh(ad ) sin( 5

172
/V/ /‘//

cosh(y/)=1+ + R I+EW
2! 2! 2

2 sy s
A o A R YZ
smh(//)f/l+ 3 + 5 LR YZ(1+6]
o i o e
uﬂ(d+]ﬂ):ee +; ¢ —;@”4ﬁ+e”4—ﬁ)
3
o n e
sinh(cd + jA) = 2e ¢ ;(euﬂ/—e“é—ﬁ/)
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Equivalent it Representation of Long
Transmission Line

A D [YIZ'H]
2
] |:> B=2'Q

C=Y'[Y4Z +1] mho

A=D=coshy
Comparing the ABCD
A= ZC sinh }’f parameters compute Z’
and Y72
smh
-y
¢

Equivalent it Representation of Long
Transmission Line

A=D=coshy _A:D:[Y;ZI-{.]
A= ZC snh ?f Compare B=72'Q
sinh ‘oo
- zﬁ C=Y’[Y4Z +1]mho
c
. , inh 7
Z'=Zsinh # = ‘Fsmh g S g s w4 e = 0!
y [«‘{(}'_Z ?f - sinh
Y’Zl 2 .
cosh¢#f = +1= 5 Zosinh 3 +1 Rearranging for

2

1 coshd 1 1 ~ _ytanh(34/2) ¥ tanh (#/2)
zm‘zga"h("/”‘@tww’”'%m Emeon

Y_’:
2
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Equivalent 1 Representation of Long
Transmission Line

i - Z-’ Z Slnh ﬂ
4 l I #
1
Y'Y tanh (#2)
'l' ; 2 2 (@ /2)
Length Lumped Parameters Distributed Parameters
(km) 7(Q) Y (mho) 7(Q) Y (mho)

100 5241 90 |31 X 10% 90°| 522 9° 131 X10* 89.98°

250 | 131.032 90| 93X 104<90°| 128.81 9.2°| 80X 10+ 89.9°

500 | 262.064  9° | 158X 10°<90°| 24461 9.8°| 1.64 X 10° 89.6°

Forimpedance (z) 0.1 ;0.51 O/km and admittance (3) ;3.1 x 10- mho km

Ferranti Effect

» In long transmission lines and cables, receiving end voltage
becomes greater than sending end during no-load or light
load conditions. This effect 1s known as Ferranti effect .

» This occurs due to high charging current.
Ve =cosh(# W, +Z.sinh(4)I,,
I,=0 = V, =cosh(# )V,
Vs
cosh(/)

~ Thus V', will be always greater than zero (during no load).

Therefore V, =

» Actual value depends on L, C and /.
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Lossless Transmission Line
V. = cosh(yx)VR + Zsinh(jx)/

In loss less line, resistance is assumed to be zero
R+ joL
QZC = 44412525747 cosh(ed + j Sl = cosh(ed)cos(fl)
J + jsinh(ed) sin( Al
B B j(z)L B L sinh(ed + j A1) = sinh(ed) cos( )
R=0 = Z, \/j(TC - \E + jcosh(ad)sin(Al)

yx=ox+jpx = yx=jpx

V, = cos(Be Wy + jZc sin(fx)1

Surge Impedance Loading

» Characteristic impedance of a line is also called as
surge impedance for the special case of loss less line.

V2
z -k SiL=pP =2
c C i ZC‘

» The term surge impedance loading or S7L is often
used to indicate the nominal capacity of the line.

» The term S1L or natural power is a measure of power
delivered by a transmission line when terminated by
surge impedance.

» It is convenient to express the power transmitted in
terms of per unit of SIL.
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Surge Impedance Loading

V.= cos(,Bx)VR +JZ sin(ﬂx)IR
1, = j(Z,)sin(px)V, +cos(fx)I,

» If the line is terminated with surge impedance Z,.:

A

A

V. =Vy(cos(Bx)+ jsin(px))= Ve *

y
Ve=Zely = Ze=-F

R

I (cos(px) + jsin(fx))=I,e

A

\j

Comparison of Different Loading

No Load v _ Ve
B cos(pl)

SIL

i Ve su=Vs
I«u[] LOa d
S/io,y X Vi r
(/}'C
[/,'{(
Ve sc
X1 X0
Sending End Receiving End
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Surge Impedance Loading
Voltage Level (kV) SIL (MW) Thel(flr\n/[ ngI;imit

132 50 04

220 132 237

400 515 948

765 2200 4261

Power Transfer Through Transmission

Line
V|26 V|20
n |
GQ | ABCD l_\LLoad
Ss :Ps +./.Qs SR = PR +jQR
Vi = AV, + BI, — IR:I;;—/;VR
Let A=|4/c and B=B./j
Vsl s 4]V ]
Iy == 2(6 - )= 2o - B)
© |8 B|
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Power Flow Through Transmission Line

1=l sp ) 1 (g )

> Complex power V,.I," at receiving end:

VIl AW
VR[R:P +jQR:‘ SBRZ(/J)(S) BR Z(/H*C()

PR _ ‘VSHVR‘COS(/))*(S) ‘ H

B
VSBVRsin(/)’—()') ‘ d sm(/)’ (x)

Real Part: cos ('B o )

QR =

Power Flow Through Transmission Line

PR:‘ *leos(p—6)- ‘ H R‘ cos(f —«)

Vs Vil AW
sin(f — «)
3] 8]

» Maximum power will get transferred, if f=0

QR - (/ (5)

A

P, = oS ([j’ ~a)
I
QR ax ‘ H R‘ sin (/j) (Z)
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Receiving End Circle Diagram

- -

p—u s AN
\\
\\

§

B Vil Vel \
~ B )
\
)
p—o !
I
B9 |
!
!

Maximum Power in Short Line

Approximation
vl 4y,
P :‘ SBR BR cos(ﬂ——a)

For Short line A=1, B=7, C=0, D=1
Assuming X/R ratio 1s high enough to neglect resistance

A=D=1£0, B=|Z

LO,Czo,amO:R‘A

2

S A A S A AR A
7 7z
AVl
= - R sin (g
QR ax ‘B‘ Sln()

59
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With large X/R Ratio

‘VSHVR‘COS (B-0)- ‘AH]Z i cos (ff - )

0 = s sin (- 8)- AZR~ sin (f — «)

Generally, R<< X then 7 =jX
A=D=1,0, B=|X|£90, C=0,

VW
])RVSVRSin ) PR Txo SXR
sVl o 5y Al
QRfﬁcos(o)— ‘;‘ 0, VXQVV D

\R\

\AV\

Sending End Power

AV,
B

I,=CV,+DI,  but I, ';f

D DA
[5 :CVR+EVS_7VR

D, Vi (AD-BC)
B A

DV V¥
B B
Complex power Vl at receiving end:

Is =

ImtA:D:MZQamiB:wMﬂ
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Sending End Power

Vsls = Py + jOs = ‘ . ‘ Ap-a)- ‘ gB R‘ ARy
A
Real Part: Py = ‘ ;: cos(ﬂ o) ‘ ‘COS@’*'ﬂ)
[ VsVl
0. = mn( fa) mn@>+ﬁ)
] B

Steady State Stability Limit

LR S Poe P}
p__ PN
- R TP.
a P |1 | | 2
@ ' | | | |
E3 | ! ] ]
o I Loy
T
. [l
o Ly | | S
5 & 8; 90° & &' 5% 180°
ANGLE &
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Power Transfer Capability

Thermal Limit «  Thermal Limit
Voltage drop limit
2 Stability limit
SN
Q.
Stability Limit
Actual Design
Actual Design
Line Length i
Al A vl . . sin &
PR:‘ SH R‘smﬁz ‘_R sino =SIL———
‘B‘ ‘Z sm([il} sm(/)’l)

Main Objectives

» Choice of voltage, choice of conductor, spacing between

conductors
~ Calculation line constants regulation and efficiency
~ Calculation of Corona Loss
» Choosing number and type of insulators
~ Choice of method of grounding
» Calculation of radio interference
~ Stability considerations
~ Electrostatic and electromagnetic effect
» Insulation coordination

»~ Protective system
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Main Components of Overhead Line

» Conductors

» Copper

» Aluminum: ACSR AAAR AAC Expanded ACSR
» Support Structure (Towers)

» Galvanized stcel (for high voltage)

» Wood, concrete, steel (for low voltage)
» Insulators

» Porcclain

» Glass

» Polymer insulation

Mechanical Design

» Main Factors
» Selection of linc routc
» Types of tower or pole
» Right of way
» Ground and conductor clcarance
» Tower spacing, span length

» Mechanical loadings

~ Weight of conductor per unit length

» Load due to wind, ice, snow, ctc.

» Temperature

~ Conductor tension

~ Distance between the supports (Span length)
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Sag and Tension:

T T T T T T T 7 Maximum sag so that
' clearance to ground

and other conductors

can be maintained.

. Initia Insta edSag @ 5C__ -

-, Maximum tension so
that structures can be
designed to withstand

\‘ . - ,
Sag-@ Max lee/W'nd Load

. Sag @ Max Electrica

\I'_gad,Tm:ix L it.
N
M n mum Electrica Minimum sag to )
€ earance control structurc uplift
GRO ND EVEL problems.

Calculation of Sag and Tension

H T,

T.=ws

tan y=dy/dx =T, /T, = ws/H

2 2
AT 4
dx dx

ds > ds _ ds
& _ N+@y/d S _h w22/H2|:>dJ—
& +(dy/d) E>dx W 1+ wis?/ H?
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Calculation of Sag and Tension

ds
dx = [ — —
J J‘\/1+w2.5'2/H2

Integrating
H . | (ws
x+c — sinh™! ( ) ;
w H

At x=0 s=0 therefore ¢,=0

Calculation of Sag and Tension
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Calculation of Sag and Tension

wx
dy =| sinh — dx
fay = snh 2
Integrating

= fi cosh (EEE) +c
Yy H 2

w

At y=0, x=0, therefore

Calculation of Sag and Tension

For tension at point P,
2 . 2 2
I"'=T,+T]
= B+ whs?

We know  s= —1-{— sinh wx

w

T2 = K + H? sinh? (ﬁ“—)
H

e )

66
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Support at Same Heights

If the towers at same height and span is 2/ i.e. half span is/

H . wi
S:Esinh‘;’; S=;smh(—)
w
y= ﬁ(coshﬂ—]) d—g—(coshﬂ-lj
w H w H
T = H cosh == H cosh i’
H H

Supports at Different Heights
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Supports at Different Heights

For tower A y d+h= ﬁ (cosh W(le_ -"I) _ 1)

W
Therefore, difference in tower heights

w A (cosh _w(2i-1— ) cosh m)

W

_ sinh ;; sinh Eii:iﬂ)

w

Vg H cohv‘xl 1 =£(coshﬂ—l)
For tower B B ” S I7; y w I

Approximate Formulae for Sag and
Tension

H cosh w [:j::> [::£:> r=H
H

. a2 Al 2ol b
simhe = v+ 7-}- §+ F+

and coshz = +a+'4—'+‘6’_'+...
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Parabolic Approximation

> In case of short spans (distribution lines) with small
sag (less than 10%), the curve can be considered as
parabola.

»~ Sag lcss than 6°o could give only 0.5%¢ error

~ Sag between 6-10 %6 could give only 2°%0 error
H wx o 2
y=—(cosh——1)=£ e 2y yz_wx
w H W 2H" 2H

sz T=H
Y=a31

Effect of Ice Covering and Wind

~ If the ice thickness is more than 0.5 em then it is considered.

- Fffect of ice covering (w,) is to increase the weight of conductor (w ), and
thus increases the vertical sag.

~ If ris radius of conductor and 7 1s thickness of ice layer.

V = 7[(1’ )~

= 7[(1’2 +2rt+t7 =1

= 7r(f2 + 21’[) m’
If pis the density of ice
W':ﬂsz+2ﬁ) kg m
Therefore, total weight (W)
W,=W +W
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Effect of Ice Covering and Wind

» The wind pressure acts on the conductor in
horizontal direction. Assume that wind
blows uniformaly.

~ If p is the wind pressure, wind loading (w,
w, —2rp kgm
Conductor + Ice w =2{r+ f)p kg m .
. 2(1’ +t)
» The wind pressure depends on the velocit
of the wind.

p=0.006v" kg m”

Effect of Ice Covering and Wind

w, or
(Wc + W) WT

»~ The resultant weight of the conductor is:

Conductor alone W, = yw’ +w’ kg m
wr=y(w +w Y +w kgm

~ The angle at which loading is acting is: xR

g=tan (w, /w)
g=tan" (w /(w +w))
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Stringing Chart

» The curves of sag and tension with temperature
variation are called the Stringing Charts.

» Stringing chart is helpful in providing sag and
tension at any temperature, if the sag and tension
1s know at any particular temperature.

» They are useful in erecting line conductors at
specified temperature and loading conditions.

» At high temperature, sag is more and tension is
less whereas at low temperature sag is less but
tension is more.

Stringing Chart

Load per unit length

Stress (tension per mm?)
Conductor length (half span)

Sag

Temperature

Area of cross section of conductor
Coefficient of linear expansion
Young’s modulus

Subscripts 1 and 2 denote temperatures at maximum
load conditions and under stringing conditions
(installation or erection of transmission line).
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Stringing Chart

~ For short spans

2 2,3 273
wli W ’r
r (1:: and S::[J- [‘? S:/+ W?
2T 67" 64" f
» Attemperature €
w w [’
S =/+ =
64 and 24 f
» Attemperature 6,
w,’ I’ :
S, =1 PR and d, = W, !
64" f, - 244,

Stringing Chart

> Duc to increase in temperature from 6, to 0,,in _casc in length
1s:

6,-6)aS~(0,-0)al

» There is another cffect increasc in temperature from 6, to
0, ,dccreasc tension or stress from f; to f; :

f-1 Sz(fl—fzJ,

E E

» Therefore new length is:

S, =S +(92—(9)a/—[f ‘flj/

1
1
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Stringing Chart

[+ Wi/, =1+ W17/-,+(6’,—6’1)(x/—[f‘fj/
6471 64> E

» Simplifying
72/2E 2 2/2E .
WéAz =/ {fz -/ +;V/142f_+(020)(1[i]

» This is cubic equation in £2 which can be solved
using mathematical algorithm. Then the sag is:

wﬁlz

d, =
C2Af

Stringing Chart

S8

Sag
Tension

GI)S [.() "

Temperature
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Sag Template

~ ltis plot of curve used for locating the tower positions.

Conductor line

» Nowadays, this is done using sophisticated software programs, which take input
such as cost of tower, foundation requirements, soil quality, etc.

Ruling or Equivalent Span

There are several situations span length is not same.

N

» Therefore, tension in cach span will be different.

» This is not possible in case of suspension type insulator because it
will swing to equalize the tension.

~ Therefore, the uniform tension in each span is calculated by defining
the equivalent span (or ruling span).

C+D+0++1 o

L +Ly+Ly+---+L, g

~ L, is the equivalent or ruling span

~ L is the each individual span in line
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Ruling or Equivalent Span

~ Also approximate ruling span is:

L =L |g+§(L L)

&

~ L, isthe average span in line
&

» L is the maximum span in line

» The ruling span 1s then used to calculate the horizontal component of
tension, which is to be applied to all the spans between the anchor points.
Then the sag at each span is computed using

__WL“

d =
2H
~ Span should not be more than twice the ruling span or less than half the
ruling span.

» In addition to Horizontal swing due to wind pressure,
there are two types of vertical vibrations:

> Aeolian or resonant vibrations

~ It is caused by vortex phenomena in light winds.
~ Low magnitude (up to 5 em) and high frequency (5-40 H/)
~ Less harmful because of small magnitude

» These vibrations arc common in conductor and more or less always
present.

~ The Armour rods or dampers arc used to damp these vibrations.

Armour rods Stock-bridge dampers
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Conductor Vibrations

» Galloping (or dancing conductors)
» Generally happened due to asymmetrical layer of ice
formation.

~ When this asymmetrical ice coated conductor exposed to
light winds (particularly when the slope of ground is higher).
»High magnitude (up to 6 m) and low frequency (0.25-2 Hz).

»~ These vibration may cause flashover between the conductors.

~To avoid this flashover horizontal configuration is preferred.

~ Also if conductor is perfectly circular the effect can be
minimized.

» The stranded conductors can be wrapped up with PVC to
make conductor perfectly circular.

Insulators for Overhead Line

> Insulators are used to insulate towers from the live
conductors

» The insulators are attached to the tower and support the line
conductors.

~ Important characteristics:

» It should be completely homogenecous materials without voids
and impurities.

~ Leakage current through it should be minimum.

~ Breakdown strength of the material should be high and it should
withstand over-voltages and normal working voltages.

~ It should be mechanically strong to bear the conductor load and
should have longer life.
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Insulator Ratings

~ Three voltages ratings
~ Working voltage
~ Puncture voltage

~ Flashover voltage

» Flashover voltage 1s less than puncture.

Flashover Volt
Safety Factor = ashover Voltage

Working Voltage

Insulators for Overhead Line

~ Porcelain:
» Porcelain is widely used as it is cheap.

~ Itis thoroughly vitritied to remove voids and glased
before use to keep surface free of dust and moisture.

~ Breakdown strength is around 6-12 kV mm
~ Glass:

~ Toughened glass is another choice having higher
diclectric strength (120 kV mm), mechanical strength
and life.

» Flaws can be detected casily by visual inspection.

~ Main disadvantage is moisture rapidly condenses on
the surface giving high surface lcakage current.
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Insulators for Overhead Line

~ Polymeric Insulation:
~ Silicone rubber and EPDM (kthylene propylene dienc
monomer) are used for insulation purpose.
~ Low cost, light weight, higher life, improved diclectric
performance under contamination or pollution.

~ They arc used in combination with fiber glass rod.

» These arc under field trials and may take time to be used
extensively.

~ Tracking and erosion of the shed material, which led to
pollution and caused flashover.

~ Chalking and crasing of the insulator’s surface, which
resulted in increased contaminant collection, arcing, and
flashover.

Types of Insulators

» Pin type insulators
» Suspension type insulators

» Strain type insulators

» Shackle insulator
» Post type insulators

» Composite polymeric insulators

18 6 2013 JICATec ¢ Assstance Team
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Pin Type Insulator

» Supported on steel bolt or pin which is
firmly supported on cross-arm.

~ Conductor is tied to insulator on groove
by annealed binding wirc.

» Generally used for 11 kV and 33 kV
lines.

» They can be made in one piece up to 33
kV and two picces for higher voltages.

» Pin type insulators are uncconomical for
higher voltages.

» The leakage or creep age distance is
from line to pin radially along the
surface.

Suspension Type Insulators

»~ Consists of one or more insulating units hung from
cross arm and conductor is connected at lowest unit.

»~ String is free to swing (lower mechanical stresses);
thus long cross arms are required.

» Economical voltages above 33 kV. Each typical unit
is designed for 11 kV.

» Failed unit can be changed
without changing whole
string.

~ 'V shaped insulator strings
can also be used to avoid the
swings.

~ 400 > 19 units > 3.84 m

LAY
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Strain Type Insulator

» The insulators are similar to
suspension type insulator but

used in horizontal position. /ﬂ

» Generally used at the towers
with dead end, angle towers,
and road and river crossings.

» They can take tension off the
conductors. When tension 1s
very high two or more are used
in parallel.

Shackle, Post and Polymeric insulators

=X

“—

=z

£ =

g I =

X & =

= = -1 =
_ 1
== = +
= L
- 1
Shackle insulators or E _ - H
spool insulators {

L
Post type insulators Polymeric insulators
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Potential Distribution over String

» Capacitance of disc:
Capacitance between
metal work of the
insulator units; some
times called as mutual
capacitance.

» Capacitance to ground:
x capacitance between
metal work of insulator to
tower.

I aonc ars &7 CABT

——t AL Capacitance per insulator mC
LU Al Rg v m = =

At RN
‘. RE

Capacitance to ground C

<

Potential Distribution over the String

. Capacitance per insulator  mC

! Capacitance to ground C
'CY

~ If Vis voltage across the conductor
and ground. We have:

V=V, +V,+ V4V,
Also L=1+1,
VmaC = V,maC + V,oC

8 v,- m+n="21y,
m m

-

O
d‘
“— < DEIDEC <D < >
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Potential Distribution over the String

4 » Similarly, L=1,+1
. L m Y VmaC = V,moC + (V, + V,)oC
o * VymaC = V,oC(m + 1) + V,0C
IZ
mc V2 Subsitutng v, =2 + 1vl
o] 1, * m
by VomaC = 22y wOtm + 1) + V,aC
mC 3 m
I
* (m+1)?
I ~V,oC ——+1
\% m
mC 4
s

Potential Distribution over the String

1, 1\

v

* l01 me !

.

mc Y,

[ 1o *
Iy

V.

¢ ey mC *3
I,

mC V‘

\:

~ Similarly, I, =I3+ I,
[(m?+3m+1 ,
VmaC - V,oC o +oCV,+V,+ V]
[(m?+3m+1
=VeC|l——
m
[ 2
v, Vl+m+lvl m +3;n+1vl]
m m
mé+3m+1 3m?+4m+1
V‘-Vl. 2 3
m m
6 |
e S S
2 3
m m m
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String Efficiency
»letm~=5

1, 0
c oy ™ Vi F
Yo v,=12v
& ’ m )
mc Y2 -
¢ = 301
| * V,=V 1++7} |:> V, =164V
:mC v, L m m
[of Ies ‘l, * 6
5
v e 2 2+l3}|:> v, =241V
mc 4 . m m m -
5 ¥
String Effeiency - Voltage Across String <100

nxVoltage across unit adjacent to line
(141241644240
- 4x2.41V

x100=63.8%

Methods of Equalizing the Potential

» Methods to improve string efficiency
> Selection of m
» Grading of units
> Static shielding or guard rings
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Line Support

Wooden Poles
» Cheapest, used for small spans (30-40m)
~ Tendency to rot at ground and life can not be predicted.
Reinforced concrete poles
» Long life and low maintenance
~ High cost of transport because of weight
Tubular steel poles
~ lLonger spans than wooden, longer life, light weight, high strength
»~ Need galvanization
Lattice steel towers
» Fconomical for long spans, tall supports and HV transmission

~ Galvanised and painted

Typical Towers

~ Main stem
» Cross arms

Insulator

|

\

Guy wire
(Optional)
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Type of Towers

Type A tower (Tangent tower with suspension string)
» Used on straight runs and up to 2 line diversions
Type B tower (small angle tower with tension string)
» Used for line diversions from 2 to 15
Type C tower (Medium angle tower with tension string)
» Used for line diversions from 15 to 30
Type D tower (l.arge angle tower with tension string)
» Used for line diversions trom 30 to 60
Type E tower (Dead End tower with tension string)
» Used for line termination and starting
Special tower
> Suspension tower: (Span about 1000m) for river or mountain crossing

» Transposition tower: Transposition of line

Innovative Designs

B e e

/
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VI. TRANSMISSION AND
DISTRIBUTION SYSTEM

OVERHEAD TRANSMISSION LINES
ELECTRICAL DESIGN

Methods of Equalizing the Potential

» Methods to improve string efficiency
> Selection of m
» Grading of units
> Static shielding or guard rings
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Selection of m

» If the value of m is increased which can
Iy be achieved by increasing the cross-arm
length.

» Increased cross-arm length decreases
k the capacitance between earth and
mC metallic connections.

1 » However increasing cross-arm length is
mC not economical after certain distance.

» Theoretically, one can achieve equal
voltage distribution when m 1s infinity.

g » It 1s found that value of m greater than
10 1s not economical.

2v

3V

Grading of Units

. 4 » Voltage across capacitor is
e, V inversely proportional to the
fe * capacitance for given current.
I

¢, vV » By correct grading of
capacitances complete
equality voltage can be
achieved.

» We have,
=1, +1
wC,V=0CV+aCV
C,=(C+C)

Cs

C,

g
— < D> Q>
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Grading of Units

Generalized case:
C=C +(1+2+3+-+(n-1)C
2; Therefore, if C;=5C, then

A I=1Ig 1,
¢ i c, V oCV =20CV+oC,V
. * But C,=(C+C)
Y c, V (z)C3V=2mCV+m(C+C)V
¢l * C,-3C+C
. C’X C,=C +(1+2)C

1

|4

v

C,=6C,C,=8C, C,=11C, and so on

Grading of Units

» Thus if capacitance of one unit is
fixed other capacitances can be
easily determined.

Ay

(¢}
&
DD T < >

lC!

<
-
O
(X}

» This requires units of different
capacities, which is
uneconomical and impractical.

2v

O
X}

» Therefore this method is usually
not employed except for very
high voltage lines.

3V

—
&
O
N

o

» In that case, string is graded in
groups, ma be two three.

88
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2v

3v

4v

Static Shielding

Similarly,

L+ =1+1,
Iy+1 =1,+1
I, +1 =1, +1

Voltages can be equal if
I =1,

wCx(n-1V =wCV

Also, I =1,
Cy(n=-2)V =20 CV
2C

(1172)
3C pC
C =—— C =
(n-3) " ")

b’

FEPELELELLEETEY

Static Shielding

» In practice, it 1s very difficult to
achieve the condition of equal
voltages.

» However the partial advantage
can be gained by this method
(guard ring) and used normally.

» Further, when the horn gap is
also used, it also protect the
insulator from the flashover.
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Numerical Method (FEM, BEM, FDM, etc.)

w
<

—
T —

~ ()
—1 h
————
.
2, B
b ¥ s ¥
i
[--IE- N

Electric Potential (kV)
T

-

5 e T

12 3 456 7 8 9101112131415161718
Insulator Number

VI. TRANSMISSION AND
DISTRIBUTION SYSTEM

OVERHEAD TRANSMISSION LINES
CORONA

Classroom Lesson (Power) -246- English

2013/10/9

90



What 1s Corona?

> Corona is a luminous discharge due to
ionization of the air surrounding an electrode,
caused by a voltage gradient exceeding a
certain critical value.”

Why Corona is Important?

Corona from conductors may cause audible noise and radio
noise.

Audible noise from conductors may violate noise standards.

Radio noise from conductors may interfere with
communications systems.

Corona loss may be significant when compared with
resistive loss of conductors.

~ Corona can cause possible damage to polymeric insulators.

~ Therefore corona free lines needs to be designed which
requires an understanding of factors that affect corona
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Partial Discharge

»~ The breakdown of a gas takes place when a self
sustained discharge or 1onization process is set in.

» This takes place when the electric field stress exceeds a
certain critical value.

» In the case of uniform field this condition is satisfied at
all the points and there will be complete breakdown by
forming an arc between the electrodes.

> For air breakdown strength (at 25°C and 760 mm Hg) is
30 kV cm for DC and 30 kV cm (peak) for AC.

» However, if the electric field is highly non-uniform the
breakdown condition may not be all over the gap.

Non-Uniform Field

&

Conductor

Ground

92
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Corona

~ Therefore in non-uniform field some region of dielectric
experiences higher field strength than the critical value,
while other region field stress 1s well below critical value.

~ Thus, self sustained discharge condition will be valid only
in the strong field region giving rise to partial discharge
called corona.

»~ This associated with a glow (bluish or violet tuffs, streamers
and or glow) and a hissing sound and when it takes place in
air ozone, oxides of nitrogen and nitric acid (in the presence
of moisture) are formed.

»~ Light is produced by recombination of nitrogen atom with
free electrons.

>

Mechanism of Corona Formation

» Conductors at Negative DC voltage
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Mechanism of Corona Formation

» Conductors at Positive DC voltage

Superficia Spreading
of Bu st Co ona

; ;
- /‘ i
e} 1|
_‘_-r +l
Radial Streamer / | So
Development ,

~— W th Space Charge
==+ W thout Space Cha ge

Field Intensity

Dsta ce romt e Anode

Mechanism of Corona Formation

» Conductors at AC voltage:
> In positive half cycle:

~ when voltage exceeds corona inception value, ionization starts and
intensity progressively increases till peak.

» Flectrons quickly reach conductor but before positive ions reach
other electrode polarity changes.

~ Some positive ions remain virtually cutoff from both clectrodes.

~ In negative half cycle:

~ In negative half cycle corona again starts when voltage cxceeds

corona inception value.

~ Flectrons spreads out from the conductor and neutralize the
stranded ions.
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Mechanism of Corona Formation

» Conductors at AC voltage:

»In this way, in every cycle some space charge need
to be neutralized and result will be loss in charges
from the source.

»The energy continuously lost in the corona space.

» Recombination of opposite charges will release
energy in the surrounding air, which is heated up.

Corona (Laboratory Testing)

95
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Corona (Laboratory Testing)

Corona (Testing)
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Corona

Critical Disruptive Voltage

» The minimum potential differcnce required between the
conductor to start ionization is called critical disruptive
voltage or corona inception voltage

a b
Is P Ty
@ @ letrg=ry=r
i D :
e

E, - i . A =4 l+ L
2regx 2mey(D-x) 2mey|x D-x
-4 D
2rey x(D-x)
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Critical Disruptive Voltage

Potential Difference between the conductor

r D-r 1 1
v=- [ E dx= jL[-+—] dx
Dpor 4 2rey|x D-x

=2 wp, |:> g=7%"
T& InDr

Therefore,

E, - — I:> E =
2rey x(D-x) InDr 27 €y, x(D - ¥)

4 D
2InDr x(D-x)

Critical Disruptive Voltage

4 D
2iInDr x(D-x)

X

» Above expression is for single phase line and V'~ V 2

Now this can be used to single phase with V> V' 2
or for three phase line V> /3
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Critical Disruptive Voltage

a b

s P ) ,
x(D-x)InDr

I D '
P——x—

» Gradient increase a x decreases and will be maximum
at conductor surfacei.e. x r
V'D ’
G = v~ Enp ~ -4
r(iD=rYInDr rinDr

Therefore,

Critical Disruptive Voltage

V' =rguaInDr
» When g, reaches g, (breakdown strength of air)
air breaks down.

80 =30 kV/cm. For AC voltages g, = \3/—_(2) =21.2 kV (rms) cm

Above g, 1s for fair (standard) whether conditions, at any
other condition
8 =80

273+25
where o = P " =0.392 P
273 +1¢ 760 273 +¢

o 1s the relative air density or air density correction factor
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Critical Disruptive Voltage
» The critical disruptive voltage or corona
inception voltage is then given by
V,=rgydln b kV
.

» Here, the assumption is conductor is solid having smooth
surface, however in practical cases (like ACSR),
conductor will not be having smooth surface. To account
for surface irregularities a factor m, 1s used. Thus,

Vy=rgoémylnDr kV

m,, = surface irregularity factor or stranding factor

Critical Disruptive Voltage

»~ Surface irregularity factor depends on state of cross section of
conductor and state of its surface.

~ It also considers dust and dirt on the conductor surface.
~ The value of m, lies between 0.8 to 1.

~ my = | for smooth, polished, and round conductors

~ ny =0.92 - 0.98 for rough surfaced conductors

~ nmy = 0.8 —0.88 for stranded conductors

~ Now when d and r expressed in cm.

30 5m ) [rin(D/r)] kV (Pcak)
@1.18m )[rin(D/r)] kV (rms)

vV
vV
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Critical Disruptive Voltage

V =g Y(rln]?w

ry

Fair (or standard) whether Emar 8o
conditions and solid H\ DW

: V = rln—
conductor with smooth g 30KV Cm (Peak) & [ r

- gy 21.1kV Cm (rms)

surface
Other (or foul) whether conditions Snar O &0 D
than standard and solid conductor 5203922 V=god|r ln7
with smooth surface Ty 34y
Other whether conditions tha g my 8 g N D
standard and conductor with . V=mg 6|rin—
. - ) The value my is r
irregular surface (ACSR) 0811

Visual Critical Disruptive Voltage

» At the critical disruptive voltage corona starts, but it will not
be visible. It requires further 1onization by collision.

~ If the voltage 1s further increased at some point corona
becomes visible. This voltage 1s called as visual critical
disruptive voltage or visual corona inception voltage.

~ The voltage gradient (g,) for visual corona is given by

[Peek]:
g =& (S‘{l+ 0301} kV cm
FO

Therefore, V =g, m, r In(D/r) kV

0.301

V —g05(1+ﬁj m, [rIn(D/r)] kv
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Visual Critical Disruptive Voltage

~ Surface irregularity factor (m, ) 1s different from m,,.

~ Local corona: For conductor with irregular surface, visual

corona occurs at different point than whole surface called as

local corona.
» m 0. 2 forlocal visual corona on stranded conductor
» m, 0.82 for general (or decided) corona on stranded cond

» m, | for smooth and polished conductor

» Now when d and r expressed in cm.

V —305[1+3§2}Jngbﬂnﬂh%ﬂ kV (Peak)
l’—2le@+3§gqinbhﬂDﬂﬂ kV (rms)

Visual Critical Disruptive Voltage

» Surface irregularity factor (m,) is different from m,,.

» Local corona: For conductor with irregular surface,
visual corona occurs at different point than whole
surface called as /ocal corona.

» m, = 0. 2 for local visual corona on stranded conductor

» m, = 0.82 for general (or decided) corona on stranded conductor

¥ m, =1 for smooth and polished conductor
» Now when d and » expressed in cm.

. 0.301
K,30é[l+\[($}1n [rin(D/r)] kV (Peak)
.

0.301

V,=211 (5{1 + } m, [rin(D/r)] kV (rms)
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Critical Disruptive Voltage

V =g Y(rln]?w

rJ

. o g, mydg
Critical Disruptive Voltage

or corona inception voltage The value myis 0.8 to

V=mg é (/‘lngj
r
1

Visual critical disruptive J\ o o0 140301 D
s V,=m_ g |rIn —
-

inkV em

voltage or visual corona O
inception voltage _‘/

Corona Loss

> The ionized charges near the conductor surface take energy from

the supply system and thus there is loss of some energy due to
corona.

~ Peek’s Empirical relation for corona in fair whether condition
P =241x10 ° x“fs\/j(lf —¥} kW phase km
C

Where V', phase to neutral operating voltage in kV and fis frequency.
For storm or foul whether condition voltage is 0.8 V.

s 25 5
P :241><10‘></+_ \/Z(V 70_8V} kW phasc km

0

This relation is correct results when 1) Corona loss is predominant
2) Frequency lies between 25 and 125 Hz 3)Ration of V' V. > 1.8
4) radius of conductor is greater than 0.25 cm.
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Corona Loss
» When the ratio V,/V, <1 8 Peterson’s formula
gives good results

1.11066x10 * fV*

(in(a )y

» Here F is corona factor determined by test
depends on V/V..

P = F kW Phasc km

Factors Affecting Corona

» Atmospheric factors

*  Temperature *  Pressure
*  Dust and dirt * Rain, snow fog
~ Electrical factor

Frequency Supply voltage

r Lme confl gur ation

Conductor conﬁguratlon *  Profile of conductor

*  Diameter of conductor *  Surface condition

*  Numbcr of conductor per *  Hecating of conductor by
phase load current

»  Conductor spacing

104
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Factors Affecting Corona

~ Atmospheric Factors

s__ P .273+25:0.392 P

273+t 760 273 +1
V=mg o (rlnDW
ry

25 5
P:Z41><105></+ \/Z(V 7V> kW phase km

» Temperature:
»~ Pressure:
~ Dust, dirt:

» Rain, snow, fog:

Factors Affecting Corona

> Electrical Factor

5P .273+25:0.392 p

273+t 760 273 +1
V=mg 5(1‘lan
ry

P =241x10 wa\/Z(V ~¥ f kW phasc km
)

»Frequency
» Voltage
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Factors Affecting Corona

» Line configuration

p
V=mgd LrlnDW

rJ

P =241x10 5></;25\/§<V —¥ § kW phase km

»  Conductor configuration »  Profile of conductor

»  Diameter of conductor »  Surface condition

*  Number of conductor per »  Heating of conductor by
phase load current

»  Conductor spacing

Merits and Demerits of Corona

» Merits
»~ Act as safety valve during lightning and switching surges.
~ The waves gets dissipated as corona loss.

» Other applications:

~ Van de Graaft generator, Electrostatic precipitator, 'lectro printing, lonization

counting, Electrostatic deposition
» Demerits

» Corona loss reduces efficiency.

~ lonised air around the conductor works as conducting medium
increases cffective diameter of conductor.

\

This increases capacitance and decrease surge impedance loading.

~ Interference with communication lines.
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Prevention of Corona

»~ Lconomic consideration, it is advisable to build the line corona free for all
the whether. Modern practice is to build corona frec line in fair whether
condition.

~ To prevent corona loss, critical disruptive voltage higher the phase voltage.

Increasing conductor spacing

\

Increasing radius of conductor (Fxp d d ACSR)

\

~ Use of bundled conductors

Spacing between bundled conducto

\

Homogenous Insulators:

N

F-limination of sharp points:

\

Using Corona rings:

Y

Surface Treatments.

v

Corona Ring

e

a) contour plots without corona ring
b} contour plots with corona ring
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POWER SYSTEM ENGINEERING

UNDERGROUND CABLES

Advantage of Underground Cables

~ Underground cables are technically advantages than the overhead
lines

» Not exposed to environmental conditions

» Inductance is lower in cable so voltage drop is less

» However high erection cost low heat dissipation and high charging
current makes it uneconomical for long distance transmission

» Cables arc preferred in following conditions:
~ Public safety involved and low interference is required
~ Large populated cities
» Scenic beauty of city is important

~ Submarine crossing, and substation and transformer connections
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Components of Power Cable

Jacket
Sheath
Conductor
Conductor shield
Ingulation

Insulation shield

Metallic shialg

Components of Power Cable

»
»

>

>

Conductor for carrying current

Conductor shield to provide smooth radial
clectric field

Insulation to insulate high voltage
conductor

Insulation shield (optional) to provide
smooth radial electric field. Also act as
hermitic seal of cable.

Metallic sheath and or plastic jacket for
mechanical protection. Metal sheath protect
cable from water ingress.

Metal wire armoring (optional) for
mechanical protection
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Materials Used in Cables

» Conductors
» Copper or aluminum
» Stranded for flexibility
» Size is decided by required ampacity

~ Temperature risc should be in limit to avo'd degradation of
the insulation

» Insulation Material
» Papcr (impregnated)
~ PVC (polyvinyl cloride)
» Thermosct materials (XLPE, TR-XLPE, EPR)

» Liquid and gascous insulation

Insulation: Paper

»~ Dry paper is excellent insulator but losses the property quickly if it
becomes wet.

~ Dry paper is hygroscopic so it must be sealed from air contact.
» Thus, it is sheathed with water resistant materials.

~ Performance is improved by impregnating with mineral oil.

~ It has relative permittivity of 3.6 and can withstand 20kV mm.

» Ratings: 80°C continuous loading, 130°C short time overload and
200°C for short circuit.

~ Requires special jointing mechanism to ensure the appropriate
scaling.

» Weight of cable is also higher as compared to PVC and XLPE

110
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Insulation: Thermoset Materials

~ These are also synthetic materials which do not soften, flow or get distorted
when subjected to heat and pressure.

» XLPE (Cross linked polyethylene)
~ Long chains of polyethylene molecules are linked by carbon atoms.
~ Better electrical properties than PVC.
~ Extensively used for medium and high voltage cables (up to 500 kV).
~ Can be used up 10 90 C conductor temperature and worked upto -40 C.
» It has relative permittivity of 2.5 and can withstand 18 kV mm.
~ Good mechanical strength and lighter in weight

» TR-XLPE (tree retardant XLPE): It contains speeial additive which resists
tree formation.

» EPR (Ethylene propylene rubber): Higher thermal rating, thus higher
ampacity. Diclectric properties are lesser than XLPF

Insulation: Liquid and Gaseous
Insulation
» In solid insulation voids are main problem which starts the partial
discharge and may lead to breakdown.
» Void formation can be prevented by

~ Filling the cable with an insulating gas (N or SF6) at high
pressure.

» Use of low viscosity oil under (mineral oil) pressure.

~ This results in much higher safe electric stresses and also high
permissible operating temperature.

111
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»temp

Different types of cable

> Belted
» Screened

» Pressure cables

112
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ble Structure

Cross-Lankgd Polyeitviene

E truded SemsConductng {XLPE) Insulation
Inpdation Shicdd
LCompact Stranded
mm :’ Copper Conducton
Coppor
Tope Stuckd
Extruded Sermv-Conduc
Conducior Sheeic Potyethylene Jacket

JICA Technical Assistance Team

Conductar Shield

impregnated
Paper Insulation

Insutation
Shield

Paper and Copper
Tape Core B nder

Lead-Alloy
Sheath

PVC or PE
Outer Jacket

Copper Conductor

XLPE, TR-XLPE or
EPR Insulation

Paper-Insulated 1 ead-Covered

Cables (PII C)

Conductor Shiold

Coppaor Tape

JICATec ¢ Assstance Team

Copper Conductor

nsulaion
Shield

Shiekd

Lood Alloy "
Shoenth

PEo: PVC
Jacket

Metal Wire
Armouting

Sub- Marine Cable
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Copper Conductor

Conductor Sheld

XLPE, TR-XLPE or
EPR Insulation

Insula 1on
Shield

Copper Tape
Shield

Filters.

T

Binder Tape

PVC or PE
Quier Jacket

Materials of Cable Component

*Copper *Paper

*Semicondu <Lcad
-cting *Aluminum

or PVC
*XLPE (Insulation
*Aluminum <TR-XLPF  with carbon
(Stranded)  *EPR impregnati-
on)
*Vulcanized
rubber *Aluminum

*Polythene  Copper

(tape)

PVC *Galvanized
*Polythene  steel

*Nylon

*Neoprenc
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Single Core and Three Core Cables

Jacket

Metal shie d
Sheath Conductor
Conductor
shieid
\ petor Filler
tnsulation
Conductor Insutation shield
shield
Sheath
A
Insutation frmour
Copper tape
Insulation binder
Metalic ~ shield Outer jacket
shield
Single Core Cable T'hree Core Cable

(Bclow 66 kV)

Belted and Screened or shielded Cable

Conductor I Conductor Conduclor
Core insulation

Core nsulation Core nsulation
Beltinsulation Screen Screen
Sheath Lead sheath Lead shealh
Belted H-Type Screened S.L. Tyvpe Screened

»~ Belted cables are used up to 11 kV.

~ There are two types of screened cables H-Type (Hochstadter) and
S.L. type (Separate lead). Used up to 33 kV
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Pressurized Cable (Oil filled & oil

pressure)
Ol channels
Sheath
Paper
Imoreqna insulation
paper
Conducto
it duct T Conduct
Grooved
Sheath
. . Ol ducts
» Above 220 kV, It is necessary to avoid
void formation.
0 0 Lead sheath
~ Voids are generally formed by cyclic
heating and cooling and can be prevent Conductor
by use of oil under pressure.
~ Oil channel is made by spiral steel tape. Paper
Insulation

Gas Pressurized and Gas Filled Cables

Outer sheath

SFg under
pressure

- D sc type spacer
~ Mainly two types: 1. impregnated gas pressure cable 2. gas filled
cables.
~ More revolutionary are the cables incorporating cryogenic cooler.
» Used up to 132 kV to 500 kV
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Operating Range of the Cables

Each cable type can be, but usually
is not, used beyond indicated voltages

High oil pressure “oi]ostatic"]

Low oil pressure oil ﬁlledl

T
High gas pressure

"”l Medium gas p:ress

"”l Low gas pressure

Solid
Belted solid I
| | ] | | | | [ | | |
1 25 75 15 23 3546 69 115161 230 | 550

Voltage, kV

138 345

Recommended voltage ranges for various of paper-insulated paper cables.

Electric Field Intensity with Voids

5 700e-006 =6 000e+006
5400e 006 5700e 006
5 100e-006 5 400e-006
4 800e-006 5 00e-006
4 500e-006 4 800e-006
4 200e-006 4 500e-006
3 900e-006 4 200e-006
3 600e~006 3 900e-006
3 300e-006 3 600e-006
3 000e-006 3 300e-006
2 00e-006 3 000e-006
2 400e-006 2 700e-006
2 100e 006 2400e 006
1 800e-006 2 100e-006
1500e-006 1 800e-006
200e-006 500e-006
9 000e-005 1 200e-006
6 000e-005 9 000e-005
3 000e 005 6 000e 005
~0 000e+000 3 e+005

De sth Pot E
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Effect of Void Permittivity

N /

Air Voids Voids filled with oil

Electrical Characteristics of Cables

» Insulation resistance
» Conductor inductance
» Cable capacitance

» Electrical stress inside insulation
» Grading of cable

~ Capacitance grading
~ Inter-sheath grading

» Diclectric losses and tan delta (loss tangent)

» Sheath and armor losses
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Insulation Resistance

[T
. j:\O 1 |
\\X\ //
_ ) X ) ) pdx
» Resistance of small section dx 1s: dR, = ——
2rxl
o . . . . p dx P
~ Therefore insulation resistance 1s R =—|—=—
T 2ml v x 21
. . p R
» Insulation per unit length R, - ?ﬂ- In — ohm/m
r

In !ECMHI
r

Conductor Inductance

» For single core cable:

L-2 10 In (Q,J H/metre
r

D = separation distance between phase conductors
r =0.7788r
r = radws of the conductor

» For three core cable:

L-2x10"1In (2) H/metre

'
r

D - separation distance between cores
r = 0.7788r
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Inductance of Cable

Formu a for ‘'nductance

L=0.05+ 0.2 -1n (3} [mH/

Whaere trefol formation: K — 1
fla formator K 1.26
s - distance between conductor axes { m) T
re = conductor radius (nmy)

Formula for inductive reactance

- L :
X = 2nrf. )
n 000 [£2/km)]

Where f = requency (Hz)
= nductance (nH/k

Capacitance of Cable

g= A vim
2rhx
Sheath
Therefore voltage is
D electnc

Conductor

Therefore, capacitance between core

— to sheath

= 27kok,
InR/r

F/m
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Capacitance of Three Core Belted Cable

Conductor
insutation

“ Beit
‘ | \/£—4 \
insulation C,
C, - 8 C, 3G, v

2)
o ] /0.02985 7 ko
log, |1+ "[384-1 0" +0.52 ’ﬂ
d 7 )

\\fhere & is the refative permituvity of the insulation. s the thickness of belt insulation, d the
diameter of the conductor and 7 the conductor insulation thickness.

How to find C1 and C2

Take following mcasurements:

1. All the three conductors joined together and
mcasure the capacitance between sheath and
conductors.

C.=3¢ ) C=C3

1. Conncct two conductors and sheath together and
mcasure the capacitance between sheath and
remaining conductors

C_\-:2C2+C1
c & a6 ¢
22 2 06
C C. C'w 3C. ¢
i C C :C 3C7: X 3 Fo_ x| = Y Tx
Therefore 130 = {2 7 R
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Electric Stress in The Cable
y=-Lmnkt |:> ¢ VY
27E r 2z In (RIr)
E, = 24 |:> E=—Y
2rnEx ! x In (R/T)

> Maximum stress occurs at the surface of conductor

Vv
E. =  ——
max rIn (R/r)

» Minimum stress occurs at the sheath surface

Emm = ;
R In (RIT)

Electric Stress in The Cable

14
E - —1_
max rIn (Rir)
~ Optimal radius minimum stress

ﬂ"‘"-‘:()

R R
In -1 or — =c¢
g r r
—_> 1% Vv
E,, =— = — R=2718F
r R

Classroom Lesson (Power) 278 English

2013/10/9

122



Electric Stress in The Cable

1 045e-007 =1 100e+007
B 9 900e-006 1 045e-00
9 350e-006 9 900e-006
8 800e~006 9 350e-006
8 250e-006 8 800e-006
7 700e 006 8 250e 006
7 150e-006 7 700e-006
6 600e-006 7 50e-006
6 050e~006 6 600e-006
5 500e-006 6 050e-006
4 950e-006 5 500e~-006
4 400e-006 4 950e-006
3 850e-006 4 400e-006
3 300e-006 3 850e-006
2 750e 006 3 300e 006
2 200e-006 2 750e-006
650e~-006 00e-006
11 e- 6 16 0e-006
5 500e-005 1 100e-006
=0 000e 000 5 500e 005

Des Fot E

Grading of Cables

» Electric field inside the cable is not uniform, maximum
at conductor surface and minimum at the sheath.

» Thus insulation material is not properly utilized.

» The insulation near conductor surface is stressed more
while there 1s very less stress at the outer diameter of
cable.

» Grading is used to decrease difference between £, and
i

» Grading can be broadly classified into two categories.
» Capacitance Grading
~ Intershcath Grading
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Capacitance Grading

E, = L -4
2rEX

There fore the permittivity is
kl
X

£ —

This can not be realized in practice
since it requires infinite number of
diclectric materials with varying
permittivity

In practice, this can be realized by
two or three layers of the diclectric
materials.

Ideal condition for stress in cable

Capacitance Grading (With Same Safety
Factor)

> While designing cable £n. = &

»~ Let diclectric strengths of
material is G1 G2 and G3
corrcsponding to €1, €2, and €3
and F 1s safety factor samc for
all materials.

Layer 1 (¢)) Layer 1 (g,) Layer 1 (¢;)
a_ _G 9 .G e _ _G
226r  F ey, F 2y, F
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Capacitance Grading (With Same Safety
Factor)
G,

1

q—2/r£,rG —2m£'rIG2 2ner
F - F

6§70, = &Gy = &G,
~ Since r < /‘1<r2|:> G, > £G: > 6G;

» Therefore material having highest product of permittivity and
dielectric strength should be kept near to the conductor. The
operating voltage of Cable is given by

n

v ['Ear s [PE de+ IRE3 dx
’ [

q 1 n
S iy T + — In

1 r 1 R
2§ r & n £ r

Capacitance Grading (With Same
Maximum Stress)

» If the materials are subjected
to same maximum stress at
the r, r,, and r,

Layer 1 (¢)) Layer 1 (g,) Layer 1 (¢;)
s = q ) = q ) = q
nax 272'8, r inax 2][83 ’i nax 27[8-‘ r-z
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inax zﬂ-gl r 271‘83/] 2”'53'?.'
Er = &1 = &7

< -
> Since ¥ < r<r, |i> £ > &6 > &

» Therefore same maximum
stress material having highest
permittivity needs to be kept at
surface of conductor.

\
. N r R
V=Eu |rin - +5In 2 +r In volt

r i r,

Capacitance Grading

Without grading With capacitance grading
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Intersheath Grading

» Metal Sheaths having

E radii 7, and r, are kept
at potential V', and V,

using auxiliary

£
e " transformer .
Layer 1 (V) Layer 1 (V) Layer 1 (V)
-y v LS T/ N S
max r ln (r|/r) max f| ]n (rz/r,) maXx '_2 ]n (R/I':)

Intersheath Grading

» Since the material 1s same, the maximum stress 1s also

same:
V-V, _ %-% _ 4
rin (r/r) n In (p/R) r In (R/r)
////A

///
//
/ / N
. )
\ \\ / /
A\
\ T s
N

Without grading Intersheath grading
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Intersheath Grading

0 kv 0 kv
33kV
66 kV

110 KV 110 KV

i’
/
-
_r—"/
Without grading Intersheath grading

Grading of Cable

» Gencrally not used for following reasons:

» Non-availability of material with varying permittivity
matcrials

» Change in permittivity with time

» Damagge of intersheath during cable laying

» Charging currcnt through the intcrsheath can damage the

cable duc to overheating

»~ Resonance due to cable capacitance and transformers
inductance
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Dielectric Losses or Loss Tangent

Power loss in leakage resistance

! P v?
4 R‘
¢ R
7 *  For small angle &
la S=1tan & = sin & = sin (90 — @) = cos ¢
From phasor diagram
/
VIR, _ tan & ! = VwC tan §
VaoC R,

Therefore, diclectric power loss:

P, = V2o C tan § = V@ (8 watt

Loss Tangent of Different Materials

Material Tan &
Impregnated Paper 0.01

Oil filled paper insulation 0.004
PVC 0.1

XLPE 0.0004

» The loss angle depends on the temperature.

» Roughly it follows ‘V’ curve, i.e. Loss angle
will be minimum at certain temperature.
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Other Topics

> Breakdowns in Cable Insulation

» Intrinsic Breakdown or puncture:
» Thermal Breakdown:
» Tracking:

» Sheath and armour losses

Underground Cable System
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Contents
Introduction
Power Station (Diesel)
Substation
Transmission and Distribution System
Power System Study
Power Flow Analysis
Renewable Energy (Photovoltaic Power)
Protecting System
Power System Operation and Control
Others

The contents may be changed depending on conditions.
I would like to discuss about the contents with Mr. Miguel and YOU.
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