What is a power grid?

Imagine filing = small salt shaker frorm a large bag of
salt. It would be an extremely difficuls Jjob and rmuch
of the salt would be spilled in the process. However,
if & funrel is used, the large amount of salt being
poured into the top of the funnel is reduced Lo & amall
manageable stream at the narrow end, making the
task of filling the salt shaker much easier,

The power grld works in much the same whay, Extra
high woltage electricity generated at power stations is
dalwvered through the power grid and along the way is
reduced to much lower voltage levels which the
customer is able to manage,

Perhaps the most recognisable part of the power grid
18 the network of high voltage transmission {ines, ;s
supported by large metal pylons, which thread thelr

SO00RV double circut alesl towar

way through the countryside, Crtbar componants of

the grid include switching statlons which connect the

transmuission lines legether and substations with In

which the electricity s chunged to lower voltages., BI0KY singhe sircul atest fowar

The two most eommon forms of Energy uned In the

production of electrielty in New South Wales are e,
which ls burned in Inrge boilers 1o produce steam and
thenes alectrielsy, and water, which i stored In daena

untll [t i needed, Power stations
where the electricity [s generated nre almast always
sited cloge to thelr source of UNECAY,

Once the power s genarated it i3 deliversd to
customers, who may Lve in the eity or the CoLntey,
by using the power grid, 330Ky deubla orcull stosl fower

Extra high voltage transmission lines are neadod to ) ]
carry large amounts of electricity aver long diseances,

In New Bouth Wales most of the transirission lines

Operate ot voltages of 330 klovolts (one idlovals

aquals cne thousand volls) or 192 kiovalts, with athar !

lines operating at 500 and 220 kiloveles These excra

high voltage lines have a higher energy efficianey than _

a large nigrber of lower voltage lines, They are more

. LT 132kY double cirouit slesl fower
BCONIE L0 constrict, operace and malntain,

Most transmission lnes are overhead lines with
aluminium conductors supported by steel lattice
towers, The conductors are insulated fram the towers
by porcelain, glass or synthetie insulatars,
Tranginission lines can alao pe laid underground bue
these are many times more expensive than overhead
lines of equal capacity. :

The pewer carried over the high woltage lines mowst
be changed to 4 lower voltage before it can beused in
the kome or industry. This oecurs In aeveral stages,

@ PACIFIC POWER



Firstly, the electricity is dellvered to substations or

- switching statiens, to either change the voltage level of

the power or to provide a switching point for a number
of transmissiom lines. EMEes Avseid
Your lecal county council (e.g. - then

uses sub-transmission lines to transfer the purchased -

electricity at 132 and 88 kilovolts from Pacific Power
substations to zone substations. The sub-transmission
lines generally have the conductora supported on wood
or concrete poles, (Sometimes these poles also carmy
distribution linea of a lower voltage.) Some sub- .
transmission lines are also placed underground. Onee
the power arrives at a sone substation it is converted
to 22 or 11 kilovelts (22kV or 11 &V, '

Fram this point high voltage distribution lines transfer .
the electricity from zone substations to distribution
substations sited close to homes and factories, whers
it is tranaformed to 240 valls for supply to eustamers,

The flow of high voltage electricity through the power
grid ls controlled from a single control centre n
Sydney. This control centre uses computers and -~
communications ayrteme to enable the operators to
menitor both the Jow of clectriclty and the condition
of the power grid. The powar carried over the axtra *

high voltage lines must be changed to a lower voltage
before it can be used in the home or industry.

Electricity does not recognise seate houndaries,

The NSW power grid is joined to similar power grids
in Victoria and South Australia This enables the

buying and selling of electricity between states.

The connection with the Vietorian grid uses the 330
kdlovolt transmission lines from the Snowy Mountains
Hydro Scheme. In March 1990, the Victorian power
mammemdmmgxﬁmﬂcruthﬁu.émunhya

275 kilovelt line from a terminal station at Heywood in

western Victoria to a substation near Mt Umtme:r in
South Australia.

The South-Eastern Australian puwzrgrid exbendn from
northern New Soith Wales to about 300 kilometres
north of Adelaide, a distance of 2200 kilometres,
making it one of the longest power grids in the world.

The glant three-state grid endbles the more efficient
use of rescurces and a reduced need for generating
plant hecause generating capacity can be shared

' between the three states, Studies are presently baing

undertaken to see il it is posaible to connect
Queensland and Tasmania to the south-east Australian
pml.ru grid.

-
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ELECTRICITY SUPPLY SYSTEM

Electrical energy is generated and supplied to consumers (domeatic,
commercial and industrial), by way of an "Electricity Supply System",

The major divisions of the supply system are:

a) Gensration )
b) Transmission
a) Di!t:ihubign
d} Utilisatfon)

FIG 1 shows the relationship between these divisions in a simple blaek
diagram.

Generation

Conversion’ of a fuel or other source of energy to electrical energy.:

Transmisgion

Moving large gquantities of electrical anergy over long distances betweer
genarating stations and load centres,

Distribution

Supplying elactrical energy to individual consumars (domestie,
commercial, industrial, transpert).

Dtilization

Use of electrical energy by consumer and conversian back to anothey
energy form (heat, light, mechanical ete)

E H.B.W SUPP SYST
Refer to handout "What is a Power Grid?"

CGeneration gf electrical energy

Carried out by "The Electricity Commission of N.3.W." (trading as
Pacific Power)
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Hethods used in N.S5.W. to generate elegtricity in commercial guantitis,

a 2am The cle:

Refer to handout "How Electricity is Made":

Coal fired boilers convert water to steam,

steam drives steam turbine,

steam turbine drives alternator to produce electricity.
acoounts for »>90% of total statae demand .

b) Hydro-Electrie cycles

Refer to handout "Hydro Electris Genaration":

- Flowing water drives water turkine,

- water turbine drivea alternator to produce alectricity,
- can supply up to 25% of maximum demand ,
fied
natural gas powared turbines driving alternator,
- small output for emergency supplies, hospitals, large
buildings,
- usually for emergenecy start-up of system or peak loading.

d) Internal Combustion Engine:

diesel engine drives alternator.
small output for emergency supplies, hospitalas, large
buildings, industrial complexes .,

Hotwe: More detail about other sources and generation in "Generation
of Electrical Energy" topie.

ng';jgn g{ Power Stations in M,8.W.
Major Thermal Stations Py

Located on or near coalfields, to provide cheap supply of fuel, (Hunte.
Valley, Central Coast, Lithgow),

Unfortunately, they are far from the major lead centres (S8ydney,
Newcastle, Wollongong)

I ’ !

Located in the Snowy Mountains and Kangaroo Vallaey,
The output of Snowy Mountains is shared between N.3.W, and Victoria.

Ga u es {

Located strategically throughout the state to provide emergency supply
to re-start the system in the event of a major system fault ar shutdown
(known as a "Black Start").
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Dis=al- ranal Comb 5

Located in industrial sites, large buildings, hospitals ete far
providing Un-interrupted Power Supplies (UPS) far camputers and
emergency egquipment when the narmal supply fails,

ltern r (@ rat Size and ti

The size (rating) of Turbo-Alternators in power stations is specifiad
for:

a) frequency (50Hz),

b generated voltage (typical thrae pPhase 16.5kv or 23kv),

c} power output (typical 500 or 660 megawatts),

Tha electrical pawer transmission system in N.3.W. consists of an
interconnected :;g_nt'E;trt.ﬂiyhnypl;;gq (EHV) and High Voltage (HV)
overhead transmissisn linea) linking the major power stations with laad
centresy

Quastion??:
:

To reduce power losses in tranamisaion,

Power loss in a transmission line P = I?R (power proportiocnal te current
squared), so that if the valus of eurrent flewing in the line is
reduced, then power loss will also be reduced (4 current raduces powar

losa to $)

If the level of transmission voltage is 1;;E!.|lg, and the current level
is ﬂlﬁf"‘iﬂ by the same proportion, then the Jams power will be
transmitted since power P = EI.

IIlﬂliEImfI! are used to step-up and atep-down voltage levels in the
[ steam,

ransmission sy
EHV (500kV and 330kV) is used in the transmission system,

The output valtage of the alternators {23kV) is stepped-up to 330kV or
S00kV for transmissisn on the EHV overhead transmissisn lines.

The overhaad (0/H) transmission lipes carry tha energy to larga
substations, located on the outer perimeter of major load centres.

In these large substations, transformers step-down the voltage level so
that a Sub-Transmission system may supply smaller substations in each
district, Voltages on the Sub-Transmissieon system are 132kV and EEkV.

Sub-Transmissian substations alse have transformers which step down the

voltage further, for supply to the Distribution System through gv

overhead lines and underground (UG) cableg.

Nota: Some large industrial consumers are supplisd at Syh-
Transmissisn voltages, through "Bulk Supply Points".
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Electrical Power Diskribution System in N.3.W.

The Distribution System is a series of smaller substations and HV o/H
lines and UG cables to supply power te all consumers premises.

Distribution voltages range from 33kV - 22kV - 11kV - 415V - 240V.
Transformers are used to step-down to these different voltage levels in
small substations in streeta (on pole tops, or in green Footpath
cabinets), or in customer premises (factories and buildings).

1 tion of Electri Ena

Customers receive supplies at various voltagas, depending on their load
ragquirements.

415 wvolts 3 phaze

415 volts 2 phase P}
240 volts 1 phase 9
;15 volts 3 phase

11kv to own transformer on site (office block)

;15 volts 3 phase (small factories)

Lilkv to own transformer (larger factories)

33kV & B6kY large industrial complex (cil refineries etal
132kv large power requirements to own substation on

site (BHP steel works, ALCAN aluminium smelter)

Generation?
Boilers, Turbines, Alternators, Step-up transformers.
? g P {

Tranamission linea (OH & US), substations, bhulk supply pointsa, step-down
transformers, circuit breakers.

Distributiony
Transmission lines (OH & UG), step-down transformers, metering eqguipment
Utilization: .

Consumer items of machinery, lighting, transformers, motors, furnaces,
boilers, heaters, appliances.
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POWER GENERATION

De itions ed in eratio

Refer to the total system demand curves shown in FIGQ 1.
THIS DAY OF POWER
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Base Load: Minimum total system demand that is required 24 hours a
day.

Thermal stations are cperated to supply this demand. The moat
efficient generators operated at maximum output continuously and are
called base load generators.

Peak (Max) Load: Maximum loading (demand) for power on the system in
a 24 hour period.

The peak loading is usually a short duration (2 hours) in morning and/far
evening.

Hydro-electric and gas turbines have , and are used
in addition to base load gensrators to supply the extra power at peak
loading times.

] in va: The axtra ocutput that can be supplied from an in
service (spinning) generator that is not supplying
its maximum output, :

The most afficiant ginQrating plant is adjusted to give maximum sutput
continuously.

Less efficient thermal plant is operated at less than its maximum output
and is adjusted to meet thes varying syatem load.

The reserve output available from these machinea, can be obtained
immediately it is required, in the event of a sudden inereasa in systam
load, or a breakdown of bhase load generators.
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Steam Thermal Power Station'

Can ba: a) coal fired boilers
b) nuclear reactor
<) geothermal (heat from within the earth)
¥ - steam direct to turbine (2000MW in USA)
= hot water/warm water

a) Coal Pired Power Statiom

Refer to handout "How Electricity is Madae" and FIG 2 below.

b, %
0@t ’

Main parta of plant:

Beiler(l):Converts water to steam in boiler tubes (81) held in
g Steam must be dry (no water) otherwise damags will be

drum (2,.

to the blades of the steam turbine, ag Steam is passad through

superheater (52) to remove watar,

Steam is also passed back through boiler reheatsr (83) to
obtain extra heat, aftar passing through first stage of

turbine.

Fulverised coal is blown ints beitler {9) and burnt, the air

supply being provided by forced draught (FD) fan (10).

Gases are removed from boiler to chimney by induced draught

{ID) fan (11).

There are three stages of turbine, High Pressure (HP),
Medium Pressure (MP), and Low Pressure (LP). .

Steam impinges on blades of turbine, te cause rotation,

The turbine takes many hours to heat up before it can he
operated, as there is only small clearance between fixed and
moving blades and they must expand at the same rate otherwise

damage will occur.
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actrica lterna s
Rotating electrical machine driven by the steam turbine.
Froduces a three phase set of AC voltages,
Voltages are induced into three sets of windings on the stato
(stationary part of machine) by a magnetic fisld system on ths
rotor (rotating part of machine).
More details of alternators in AC Machines topie,

After steam has Passad through tha turbine, it is condensed
back to water in condenser (6) reheated in reheater (7) ao
that it can be reacycled and pumped back into the boller with
feedpump (8),

The condenser requires guantities of coaling water, and the

availability of plentiful water will determine the method of
coaling used,

Methods of Cooling Spent Steam

Pig 3 shows four different mathodas used te condense used steam before
returning it to the boiler. If there are large quantities of cooling

water available from laks, river or ocean, then wet cocling mathoda cap
be used, otherwise a dry ceoling methed must be used.

i Exhaust
Steam

Coallng
Water

Lake phny Cooling
Water
Lake Cooling Indirect Dry

Cooling Tower

Pump Cooling W
Watar

Wet Cooling Tower

Ajr Fan Alr
Flow Flonwr
EIg 3
Direct Dry Cocling
Tower
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tal o - Coal we Lons

Environmental effects can include air Follution, disposal of coal ash
and heating of waterways by the cooling water,

SET DY : :

The overall afficiency of a modern coal fired steam thermal generating
station is aﬂf:uiihﬂtiir 35%4

Mast heat is lost in the smcke atack and in condensing steam back to
water.

FIG 4 shows the approximate proportions of powsr between each part of a
coal fired thermal statien.

i'm.lulck
(DR
'1 MW steam: SEO°E, 108 MP2 |abickunel
wectric oovwer
Himator  feje—
Halber
a0 M 12 MW
LT 80 kg'y  canling watar In
f
conda nasr ! fy=1 = 18°C
] "l
gy hast tot
caal [ cardenuste 30°C; 18 MW
1 hgly 10 k' 0008 MPs |absalite]
FiG 4

b}  Hueclear Fowegr Statiof

8imilar to coal fired power station, except that heat is produced by a
nuclear reactor. A coolant (heavy water, water or gaa) circulates
through the reactor and carries the heat avay to a heat axchanger, whers
water is heated to produce steam to drive a steam turbine.

Refar to FIG 5 showing a schematic diagram of a nuclear power station.

Rt It s changar

ELETH

hemine a

—— I|
=T 1
BN /

T

e

comling witir
-—

T _ condensar

coclint cirudsting pump {eedhwater purmg
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Iypes of Muclear Reactions

Nuclear Fugion:

Combining the nuclei of two light elements releasss energy.
This is done by making the two nuclei hit each other at high speed, and
the fusing of the nuclei together will generate heat. (Hydrogen Bomb is
an example)
At present the reaction cannot be contrelled, zo that it is unsuitable
for use in nuclear reactors. Fesearch continues.

® i

Splitting the nuecleus of an atem in two releases considerable
amounts of energy.
Uranium 235 is suitable for fission because it contains many neutrons.
The nucleus of Uiss is split by bombarding it with neutrons,
The splitting of the nucleus relesases other neutrons which will cause a
chain reaction by hitting other Uzss nuclei and releasing much heat
enargy.
The reaction, (unlike an atomiec bomb) ias controlled within the reactor
and heat is taken away by a ecirculating liquid to the heat exchanger.

Ivpes of Nuclear Reactors

1. Pressure Water Reactor heat exchanger

2. Boiling Water Raactoer turbine

a. High Temperature Gas Reactor heat exchanger

4. Fast Breeder Reactor also creates nuclear fuel while
aperating

c)  Qeothermal Power Station

S8team or hot water produced bu underground veleaniec action is used to
drive thermal generating plant.

Refer to FIO 6 which shows the principle of Geothermal enargy.

Geothermal Energy for Power Generation
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Hydro-Electric er St

Refer to handout "Hydro Electric Generatisn"™ and FIG 7 balow

ganeranee Rl mibstation LEE

Elg 7

Hydro-electric power is produced by water stored in a dam being allowed
t? run through a pipe, turning a water turbine which drives an
alternator

In NSW, the limited supply of water means that hydro power is not used
continuously, but is used to assist thermal powar stations during peak
demand times or it times of emergency or breakdown.

Eumped Storage Hydro Generatiop

It is posaible to recycle the water which Passes through a hydro power
, atation and use it again.

w2 The water after passing through the water turbine is stored in anoather
dam and then pumped back to the top water dam using the water turbine in
CevVerse as a pump.
TE- pump uses electricity generated by thermal stations during off-peak
t m-'l
The water is then available to use again during the peak demand timas
the next day.
This conserves water.
FIG 8 shows how pumped storage hydro can be used to reduce the
consumption of water and decrease the rating of the hydro generator,
In FIG a, a 100MW thermal base load staticn is supplementad by a G0OMW
rated hydro unit to meet the demand.
In FIG b, a 130MW thermal base load station is supplemented by a 30MW
hydro station, and during lew load times the thermal station excess
power generation is used to pump water to the top reservoir at the
pumped storage hydro station.
This results in less water being used and a lower rated hydro station b,
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In NSW mainly small units used for emergency supplies in power statiens

in svent of major agquipment failure,

Internal Combustion Power Stationm

Small units, mainly used for and emecgency.

Alternative Methods of Generating Power

There are other altarnative methods of generating eleactricity used
throughout the world, some of which are used in Australia, but nat
producing electricity in commercial gquantities.

Magnetohydrodynamics (MHD)

“'E'f to FIG 9 which shows a MHD plant,

Open Cycle MHD Plant

Alkali metad
sall seed
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An DC emf is induced between the walls of 2 c¥linder,if a hot conducting
gas {(plasma) expands at high velocity through the tube in the presence
of a very strong magnetic fiald,

The hot gas can be produced from burning coal, and if the gas is
"seeded" with potassium or caesium it will become conducting.

After passing through the MHD unit, the gas could be used ta turn water
to steam and increase efficiency.

Some MHD units are in service overseas (25 - 1000MW), but not yet in
Australia.

E cal era r to- ta

Refer to FIG 10 below.

Construction of a
Solar Photovoltaic Cell

Salar radialicn

Diifuzlan

Megalive secirade
Megativaly deped silkon

Posillve slecirodi  poghivaly doped sifcon

Courtasy of Lisvarsiy of Ny South Wales, Eincyical Enpinsaring Bot

Flg 10

A P-N junction, if exposed to light, generates an emf,

Efficiency of units manufactured at present is about 14-18%.
Maximum theoretical efficiency is 30%.
Disadvantage is high cost of installation,

At present $6000/kW (large scale) compared to $1200/kW for coal firad
thermal .

Reguires backup at night (batteries ete).

Oocod for small supplies in remote areas or unmanped sites (navigation
beacons, telephones),

Largest installation overseas is 1MW in the California desert (USA).
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ectric Generation
Wind turbines rotate at low speed and there are various designs.

The output depends on wind speed, with a wind of 8 metres/sec providir
twice the power of a wind of 6 metres/sec with the most economical
genarator size of 300-600 kW rating.

At present, the cost is twice that of coal fired thermal power.

Worldwide, there is about 2000MW of wind genaration installed, with
Denmark having 250MW out of 2600 turbines.

FIG 11 shows the various designs of wind turbines.

Wind Turbinas

o

1 o], Horizoral e Wind Turing
Emctsoity pereraion - 3 MW

".l.

O,

Ty

AR

¥ I 5 o

Thasmines Aol Vwrticsl g Wind Turtand
Ewgirciy peneration - 45 kW

Agrouiung, Ferizonal Ais YWing Tursiss
Eleciricily geranion and waie: pumping
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ve Elactrica neration
Wave energy depends on wave height and wave period.
In N5W, there is wave energy of about 12kW/metre of coastline.
The cost of 53000/kW of installation is high.
T W ] at
There are two types of wave generators.

Iapchan

Waves spill over into a reservolr and then water is allowed to run out
through a water turbine.

mmwmmw

Refer to FIC 12,

Wave action causes air to be blown and sucked through an air turbine
connected to a generator,

Blade profile ensures that turbine continues to rotats in the same
dirugtion.

Wave Resonance Power Generation

A reservoir is built on the shoreline, and asz the tide comes in the
reservoir is filled.

Cates are closed when the regservoirc fa fillaed.
When the tide goes sut, water is released through a water turbine.
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Voltage Stability

Vaoltage Security

+ Voltage Security |s the abliity of a
systam, not only to operate stably, but
s bo remain stabla (as far as the
malrtanance of syatam vollage la
cancarned) following any reasonably
cradibla contingancy of adverse syslam
changa,

Voltage Stability

& Volmges Stanility |8 tha abllity of &
ayAtam ta malmaln valiage so that
whan lond pomittance |8 Ncraaned,
Imad pener will ineranas, and aa that
batn power and voliage ae
controllakae,

Known factors cortributing to
Voltage Collapee

# [reraasa in loading

* Guonerators of SYC rmachirg reaclive
e (lmite

+ Actlon of tap changing transformam

# Load recovary dynamics

# LIngé Irfpging or genarator cutagai

Voltage Collapse

+ \oltaga Collapse is the procesa by
which voltage insfability 1eada o wany
low vellage profies i a algndicant part
ol Ine ayaiem (wollage may collapsa
dua ta “angla instability® as wall, and
sometimas anly a caraful posi-incident
analysis can discover tha prirmary
causa),

Example of a system voltage
collapsa
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Case 1: All Lines In-Service

3,000 MW transfer — 500 MW per line

Case 2: One Line Out
3,000 MW transfer — 600 MW per line




Case 1: All Lines In-Service

3,000 MW transfer — 500 MW per line

Case 2: One Line Qut
3,000 MW transfer — 600 MW per line




i

Case 3: Two Lines Out
3,000 MW transfer — 750 MW per line

Case 4: Three Lines Out

3,000 MW transfer — 1,000 MW per line




Case 5: Four Lines Qut

3,000 MW transfer — 1, 500 MW per line

Case 6: Five Lines Out

Voltage Collapse
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All three phase AC machines conaists of twe parts:

a) The Statar - statieonary or outer part of the machine
b) The Roteor - retating or inner part of the machina.

Three Phase Alternators

The rotor and the stator are magnetic cireuwits, and must be made from
stacked laminated magnetic steel, with alots provided to place in the
slectrical windings,

The laminations are required ta reduce eddy current loszes dus the
alternating flux,

Refer to PIG 1 which shows how laminations for stators and rotors are
stamped.

WIl3ak

FIG 1

The stator censists of three sets of Wwindings distributed around the
cireumference and displaced from each other by 120°.

The windings are Placed in the slats Provided in tha stator
laminations.
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Refer to FIG 2 which shows the position of the three sets of windings
and how they fit into the stator slots,

HU154/155

The rotor consists of DC windings which provide a sst of magnetie
poles.

When the rotor is driven mechanically by a motor, steam turbine or
water turbine, as the magnetic poles rotate, they cut the stator
Wwindings and induce inte them alternating voltages,

Separate voltages are induced into each winding and because of their
120" displacement frem each other, the three voltages are 120" osut of
phase with each other (three separate phase voltages),

A pair of poles passing a winding will induce one c¢ycle of emf.

The four pole rotor shewn on the machine in FIG 2, will induce two
cycles of emf into each set of coils for sach revolution of the rotor,
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For this reason, the large DC Main Exciter requires 3 po supply for
its own field coils and the Do supply for the Main Exeiter, i=
supplied by a smaller DC generator called a "Pilot Exciter".

The cutput voltage of the alternator iz varied by changing the De
field strength of the alternator rotor poles usually by changing the
output of the Pilat Exeiter.

The DC supply to rotor windings of smaller alternators can be applied
from an external source through sliprings and brushes,

Refer to FIG 4 which shows the connections of the large Alternator,
Main Exciter and Pilot Exciter.

pilat eoolier
8w - ity call

brush
ilip ring

2p
T o s Etator windlng

e o

i e tar ]
2400 kW, 400 v J'H\H-l e
SO0 MW, 12 kY, 80 He
WIlel
Fig 4

Alterpator Stator Windings

The stator windings of a Synchronous Alternater have resistance and
inductive reactances,

Usually the winding inductive reactance (called Synchrongus B!lﬂfln?l]
is wvery much (10-100 times) greater than the resistance, and a a ngle
Ehll. equivalent circuit of the alternater stator windings is as shown
n FIG 5,

WIlels
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The excitation current Ix produces the flux in the totor which inducas
the emf Ey in the stator windings.

The stator winding resistance is neglected and only the synchronous
reactance X is shown.

The alternator terminal voltage Er will be determinad by the generated
emf Ep and the voltage drop across the reactance Xs caused by the ]oad
current I supplied by the alternator.

Refer to FIG 6 which shows the phasor diagram of an alternator
supplying a lagging power factor load.

Ey Etlr T

T g0
'l dibgﬂﬂf U@ﬂ%pc

WIlE20
FiG &

The internal generated voltage Ey ia HIIEEEE than the terminal voltage
Er .hlnd r;q?irn the !i-id windings on the rotor to be excited at a
high level (aver excited).

There is an angular difference betueen Es and E. measured as angle &
which is called the " i

: Refer to FIG 7 which shows the phasor diagram of an alternator

Supplying a leading power factor load.

WIle2l
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The internal generated veoltage Es is less than the terminal voltage
Er, and requires the field windings on the rotor to be excited at a

low level (under excitation) to generate a lower voltage.

There is partial resonance between the alternator synchronous
reactance and the capacitance of the lead.

ErERMINAL = Es - Ex volts

= En - IxXs

Re t Alter

Regulation % = {Es - Ex] x 100
Es

Example: Calculate the % regulation of an alternator which has
tarminal voltage of 12kV at full load and a no load voltage

ef 15kV.
Relusien: Regulation % H _{_ﬁ_—_im x 100
T
= Lij_:Iéil x 100
- 254
Hote: This value is quite high, due to the high value of X, .

Before any two AC voltages sources (altarnators) can be connected in
parallel, the voltages must:

a) be the same magnitude,

b)  be in phase with each other

g) have the same frequencyf

d) have the same phase rotationg

In other words, the twe voltages must be identical in BVEry Way.

Th action of making the ocutputs of twe alternators identical before
connecting them in parallel i=s =alled “§znchrnniging“ the machines=.
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Connac an Alte tor to an Infinite Bush

An "In te sbat" is a power system so powerful, that it impozes
its own voltage and frequency upen any alternator connected to ita
terminals.

Once a power system has a number of large alternatars connected to it,
the voltage and frequency cannot hbe altered by any additional machine
connected to it,

An interconnected power system has a large number of alternators
connected in parallel, synchronised with each other, and sharing the
total load,.

Additional alternaters ars connected to and disconnected from the
power asystem as the total load varies.

When an alternator is connectesd to an infinite buabar, there are only
two machine parameters that be altersd:

a) the rotor exciting current Ix

b) the mechanical torque of the turbine.

Refer to FIO 8 which shows the connections of, and phasor diagram for
an alternator cennected to an infinite bushar, with machine excitation
adjusted so that there is no current flow from the terminals.

infinite bus Ey= F!= 12 kV
WIl626a
FIG &

The altarnator is "floating”™ on the infinite busbar and Ex and Fy are
equal and in phasa,

No real power in WATTS and no reactive power in VARS f£lays inte or out
of the nitnrnatnr_I

Refer to FIG 9 whieh shews the cunnectinﬁs of, and phasar diagram for
an alternator connected tgo an infinite busbar, with machine exeitatisn
adjusted =o that generated voltage By is greater than terminal voltage

Erx {"over excited").
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'El -E'r Eq
i akv 12 ky 16 k"
9h° 4k 4
infinite bus
300 A

T
WIle2seb

EIG 9

Reactive power (VARS) are supplied to the system which appeara to be
inductiva.

Ee and Er are in phase,
No real power in watts is supplied.
Refer to FIG 10 which shows the connections of, and phasor diagram feor

an alternator connected to an infinite busbar, with machine excitatisn
?ﬂju-t-d 8o thnﬁ}g-nuratcd voltage Ey ia less than terminal voltage Ey

I
% 800 A
/ infinite bu
,] nfinite bus E, an? Ey £y
. 4 kv : 8 kv 12 kv
WIl626e
FI3 10

Reactive power (VARB) will flew from the systanm Which appears tg be
caparitive.

Ea and Er are in phase,
No real power in watts iz supplied.
ote: Variation in excitatien will only change the VAR flow from

the machine, and Wwill net change the real power in watts
supplied by the machine.
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Real FPower Flow from an AlEernator on an Infinite Bushayr

Assume that the axeitation of an alternator ise adjusted smo the
machine is "floating" on the system, and thep mechanical torgue of the
turbine is inereased by opening the steam valve an turbine.

The increased mechaniegl torgue will aceelarata the rotor so that tha
flux lines hetween the roteor and stator will he stratched from their
normal "fleating™ position as shown in PIg 11.

iy
2
é rotatian
]

WIlE28

The axis of the rotor poles is advanced by mechanical angle &, and
also the generated voltage E; will become leading the terminal voltage
Er by the load or torque angle 5§,

The relationship between a and & is given by
& = a x p/f2

where p = number of magnetic pPoles on the machins,

Note:

Refer to FIG 12 which showa the connection diagram and

fer a machine
rowar input.

On a two pole machine, § = &,

: Phasor diagram
connected to an infinite busbar and increased mechanical

+~ 5

|+

turbine

infinite bug

Er
12 kV

WIle27
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Notes: The leading angle & of Ev with refersnee tn Br will cause
real power in watts to he delivered from the machine to the
system.

If this machine had not beep connected to an infinite
bushar, then the machine speed would increase, thus
increasing the supply frequency.

lat a ea oW Flo etye re

Assume that an alternator is connected to a aystem as shown in FIG 13.
(8ingle phase egquivalent cireuit)

g +

L
WIlGg3a

218 13

Assuming that system Er is consuming real power in watts, and the load
has a lagging power factor angle @,

The resulting single rhase phasor diagram is as ahown in FI1G 14,

%) L ] \

WIle33

From the phasor diagram:
Eg = Er + j1¥s volts )'(TUI‘:"’LS
Real Power consumed by the system is:

P = ErxIzcos=n wattg

VL cosdl
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Applying the sine rule to the triangle ABC:

where g =

B
sina

Rearrangin
Tamae -

whare:

e

(90 - 8)

sy

Power out =|  Eylocoad watts per phase
‘Pawer’ - 1 Eraind watts per phass
Be = generated voltage
Er n terminal voltage
Xn = alternator synechronous reactance in chma
& = phase angle between E; and Er in degrees.
An alternator has the fallowing single phase aquivalent
values,
Ep = 12kV
Er = ldkv
Xo = 20
Ev leads Ex by 30°.

a)
b)

Caleculate the total resl Power output of the
alternator,
Draw a single phase phasor diagram.

Power =

EgErsing

Xa
lZ!IE’EJiEJﬂ‘E!iD%E'
2

42MW per phase



'swelsAs jonuoo Jojewssyeoqun; aleidwos jo weibeip Hooig

sAojau uz_:.__u._vmr_

. pUD 10joLIOAIBg
ad™
o iz|joluod) & —
o3y
— ni
Jomjan ¥
Jogsng {4 | ®nsseu 3A|DA
U] L ybiy woajg
aulgun| :




| 1.04 .
/36
_ 1.02
2
D 3 2
q.% 1.0 SV BT m Nominal speed
I i | -
j I‘“.‘ ‘?\"-\. \H"
] -
i 1 ~, ~. | Abernative
0.98F E I: i "-.,\x governor sethngs
. b T
]
i L o
0 0.5 1.0
Power oulput p.u,
o CENERRTOR Ourbvr AT VARIovs GovkRwor SErriis
1.08
3
(=Y
§- .04 Machine A = new governor
g sethng
g
5
'g fﬂ&ﬁ%’&ﬁ" """
2 requency
1.0
|0 Load B ‘ Lood p.u.
Lood A\ :
\\
0.96- LRLEL  MAckinES ERUALLM LAAVE)D



Turbine torque

Electrical

torque Speed (no governor)
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Figure 3. Power-angle curves for one line and two lines in parallel. Equal-ﬁree
criterion. Resistance neglected :

L el
AWl
(a) ] D
A
(B)

Figure 4 - (a) Equivalent circuit of a line supplying a load P+ Q. (b) Relation
between load voltages and received power at constant power factor for a 400kV,

2 . .
2 x 260 mm* conductor line, 160 km in length. Thermal ratings of the line are indicated



l Vaf@e Cmfr;' Methods
:'@/” ferncdor exc fation, Gereukr <Citaedon

@ («{'?Kr Biemce

| AL injection - STt (gp, cop banks Course
= 1 Chors r > Contral
~Stahc VAL compeisation ;ﬁae.
“Synchmnous  Conclinsers Condro/

O tar honstomer g chngers

i Trarsfrimer PEV.') g,"ia.f:?/r,?ér} shes vp Lolown cuiput v oy
; (evrSe C&eirdg )/
‘ f}?mp oy ok

Shund  reacker By oo mueh  cgpac tance. //JM Lot !
( it diticet

Sabic You  tomptusation.

Greneratoy €xc Hot. o,



o

o)

Page - ]

TEANSHMISSION LINE CONSTRUCTION

The sub-transmissiaen system consists of 132ky and 68kV averhead lines
on steel towers and wood Polea and alseg underground eah]as,

ute lecti fao rans i ne

The easement space required for averhead transmission lines means that
the route taken by a line is an tnvirnnmantallr sensitive igsue.

Ideally, the transmission line sheyld take the shortest route to
reduce its capital and installation cost,

However, the selection of the route of a tranamission line, will
depend on a number of important considerations:

] shape of the terrain, affecting cost of conistruction,
) acquisition of easement land,
) Proximity to housing,

) ®ase of maintenance and access to easemant .

Components of Transmission Lines
Sonductor Support Structures

Support structures are required to keep the gonductors at a safs
height above the ground and also to keep them apart,

a
b
<
d

Refer to P16 1 which shaws various arrangements of support structures.
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HIGH YVOLTAGE CABLES
influeacing Instaliation of Cabl

a) Environmental - appearance of overhead lines
b Space - no casement available for overhead lines in built up areas,
Cost Relative to Overhead Lines
Higher capital cost (10-20 times that of an overhead line)
Advantages:
a) protected from lightning strikes
b) reduced maintenance of cable since it is protected from environment.
W i
a) higher repair cost after failure
b) maintenance of auxiliary equipment (oil/gas supplies etc)
Types of Cable Construction
Paper Insulated - Metal Sheathed
a) Solid type (up to 66kV)
Oil impregnated paper is wrapped around the conductor in concentric layers,

A lead or aluminium sheath is extruded over the paper to prevent ingress of moisture angd
B mechanical damage to the cable,
Oil impregnated paper has a high dielectric strength than plain paper.

Typical diclectric strength of plain paper is 70kV peak/cm while oil impregnated paper has a
typical strength of 600kV peak/cm.

Disadvantage: Voids (spaces) may occur in the paper insulation over a period of time, and this will
lead to local electrical stress, ionisation of the air in the void and eventual failure of
the insulation,
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Refer to FIG 1 which shows solid insulated cables

SETALL | R = | [ ..
FAPER SHEATHS i SEARATE SCREEWS
: Eapm infariE S‘-;‘I"-’“E CoRE
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i In 4" TYAE CABE ChbLe
POUR DHL DUCTY ’mﬁuﬂmm | ETmanmE sremL Py i
I ! WIE AR ROLRING mﬁm"ﬂ
FAFCR FEiLiLs TON
3 PutsE erEd
{ .y a0
i
FIG1
o
b)  Pressurised type i
The paper insulated cable is sealed so that a pressure above atmospheric pressure is maintained by

gas or insulating oil

Advantages: i) Amny voids in the paper insulation are filled with gas or oil, and so ionisation
is prevented.

i) Moisture is prevented from entering the cable,
i) Loss of oil pressure is an early indication of cable damage.
Qil Filled Cables (up to 500kV)

The thin high quality insulating oil used in cables is not intended for cooling, but is used to
increase the dielectric strength of the cable insulation.
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Reservoirs of oil are installed along the route to maintain supply of il pressure and to allow for the
expansion and contraction of the oil during heating and cooling cvcle of the cable.

The ol system is sealed, and pressure is applied to the ol by gas (nitrogen) filled bellows in the oil
pressure tanks. .

Pressure switches are installed to detect loss of oil pressure and are used to initiate alarms at the
remote ends of the cable when oil pressure is lost,

The cable is divided into hydraulic sections depending on the cable route profile, to ensure that
excessive pressure is not developed at the lowest section of the cable.

If the cable is damaged with subsequent loss of oil pressure, the cable must be de-energised
because if air is drawn into the cable, electrical failure will result due to ionisation of the air,

If air has entered the cable, either due 1o damage or after jointing, all air must be removed from  the
cable by applying & vacuum pump before the cable is energised,

€™ Disadvantage: Higher initial cost of installation and more complicated jointing procedure than with
-'~* solid cables,

Refer to FIG 2 which shows single and three core oil filled cables
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Gas filled Cables (up to 132kV)
Similar to oil filled cables cxcept that the cable is pressurised with nitrogen.
Requires gas pressure tanks, pressure switches and alarm systems to monitor the cable condition,

Sheath and Armouring Materials

Metal armouring is applied over the sheath of some cables to provide additional mechanical
strength.

Stranded steel wire is used to allow more flexibility of the cable,

PVC serving over the outside of the cable provides protection against corrosion.
Electrical Stress in Dielectric Materials
Refer to FIG 3 which shows the electrical stress diagrams for single and three core cables.

&)
SINGLE CoRE
AERD SHEATHE)
CABLE | FIEL)
PAPTER

(a) (ﬂw :O) 3 (w: + UMX)
ELecTRic me)y Phrrmes)

FIG3
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Cable Inductance
The overhead line inductance equation shown below can be applied to a cable:
L= uglogfding) henry/metre
2z
where L = geometric mean radius - res

However, this calculation does not take into account mutual coupling with the sheath and mutual coupling
with the armour wires which will add 10-20% to the inductance value.

Conductor Resistance
AlTected by temperature, skin effect and proximity effect,
Induced Yoltage in Cable Sheaths
: : y z l"-'ﬁ
Emfs will be induced into the metallic sheath of HV power cables when current flows in the HV conductor.

Three phase HV cable installations will have induced voltages in the sheaths of the cables and these
voltages cause circulating currents in the sheaths which will heat the cable.

The sheaths must be earthed so that the circulating currents will flow.

The effect of circulating currents in sheaths is reduced by electrically insulating sections of the cable sheath
from each other and by transposing the 3 phase sheaths to help balance out the induced emfs and circulating
currents,

This transposing of cable sheaths is called "Cross Bonding".

Cable sheaths also protect the cable against over voltage spikes caused by lighining and switching
transients,

Breakdown of Insulation D
Breakdown of cable insulation can ocour dug to;
al puncture - mainly during testing in the laboratory,

b)  thermal instability,

c) tracking - across insulation following void ionisation causing burning of insulation in
“h‘ﬂ:iug" m

d) loss of oil in odl filled cables.

Cable Rating

The thermal conductivity of soil in which the cable is buried, is important to ensure that the heat generated
by the cable in service is conducted away from the cable, '
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Three phase cables in particular have high electrical stress points in the dielectric material due to varying
field strenpths.

Stress can be reduced by screening each phase conductor separately by metallised paper sheaths connected
together and to the overall aluminium sheath,

This connection equalises the potential gradient and produces a radial stress in each cable similar to a
single core cable.

The dielectric strength of paper insulation is greater across the layer than along the layer and so tangential
stress fields should be avoided.

Capacitance of single Core cable

The capacitance of a single core cable can be determined using the following equation:

C = 2IXE g, farad/metre length

Io&_(R-'r}

where &, - permittivity of air = g 85x10-12

B = relative permittivity of dielectric material
R “ radius of cable outer sheath in metres
r - radius of conductor in metres

Electrical Stress in Single core Cables

Potential Gradient at radius x {s:

E, = N imdi volts/ metre (1 phase equivalent)
slog,(Rir)

" where

v = potential difference between sheath and conductor in volis

R - radius of cable outer sheath in metres

r = radius of conductor in metres
Maximum stress occurs at the surface of the conductor (x = r) and can be calculated from:

E, = W volts/ metre (1 phase equivalent)
rln%fR,-’r}

from this equation it can be seen that the smaller the conductor size, the higher is the electrical stress.
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HYV cables are buried in "stabilised backfill" which is a mixture of sand and cement which helps to protect
the cable, prevent movement and has a high thermal conductivity,

Cable Current Rating depends on;
a) thickness of dielectric,

b) ambient temperature,

) proximity of other cables,
d)  load cycle,

e) depth of burial,

f)  soil conductivity.

Cable Termination

Cables terminated in switchgear or connecting to an overhead line must have the insulation removed and
replaced by a graded insulation to allow the HY conductor to be brought out to the air,

This is done in a cable "sealing end" where the oil, gas or solid insulated cable end is sealed and the
conductar is available to connect,
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Insulation coordination is the correlation af the insulation strengths
of components of the high voltage power system, to minimise damage and
less of supply caused by avar voltages,

eps taken to minimise supply i nterruptions die to ove Evoltage are:

to ensure that system insulatien will withstand a1l normal
stresses and most abnormal Stresses,

\% to diséh.rgn or divert n\rnrvultaqtq which exceed the withstand
e strength of apparatus,

ﬁ' to ensure that breakdowns! ocour by external flashover, rather
0 than internal failureiof equipment such as puncture or breakdewn
of solid or liguid dielectrics,

m and to control points at which breakdowns oeccur, thus avoiding
T important items of egquipment

Overvoltages can be either at saystem frequency or due to tranaient
surges with higher frequency components.

" T B T )

Overvoltages at the power frequency can be caused by:
ﬂ sudden loss of load on a generator (20%-30% overvoltage),
ﬁ)‘. energising an unloaded transmission line fup to 90% overveltage),

éj’i unbalanced system faults which may cause unfaulted phasas voltages
: to rise ahove normal .

Fower aystem transient evervoltages may be generated either internally
or externally,
Internal generation is frem switching surges,

External generation ig from lightning strikes.

On equipment rated at between 200-300kV, switching surges are about
the same intensity as lightning strikes,

On equipment rated over 300kV, switching surges produce larger
transients than lightning strikes

Lightning Strikes

Lightning strikes on HY equipment may he either direet or indirect,
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Lightning strikes can range in size from a few kA to 1O0KA.

The eurrent waveform is a unidirectional pulse rising to a peak value
in = 3usec and falling away in 30-40usec.

Dire Li ing Stri
A direct strike occcurs when lightning strikes the line conductor and

causes a flashover of the line insulaters or is rapidly attenuated by
eorona along the line,

Any discharge current flowing through the towers to earth may set up a
large voltage drop due to tower footing resistance and tower
inductance.

There may result a back flashover from the tower to the line,

indirect Lightning Strike

An indirect strike occurs where a voltage is induced into the line by
a nearby object being struck by lightning. Hﬂ}

This is usually only a problem on lawer veltage lines rated at less
than 33kV.

Effect of Lightning Strikes on Overhead Lines

1f lightning strikes an pverhead line, the excessive voltage can cause
damage to line insulators and the wave can travel along the line te
cause damage to terminal equipment in substations.

FIG 1 shows how charge moves along the line in a wave after a
lightning strike.
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FIG 1
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Electrical Testing of HV Egquipment

Electrical testing of HV egquipment is carried out to ensure that
insulation can withstand normal and surge veltages.

The two main tests carried out are:
a) HY impulse test,
k) HV power frequency test.

HY Impulse Tast

The standard impulse test is intended to reproduce the effects of
switching transients and lightning strikes.

Refer to FIG 2 which shows the standard 1/50 impulse teat waveform.

yﬂ

200t = =

" ?= Microsecandls
FIG 2 "
The wave specification of 1/50 indicates that the taest voltage rises

to the peak value in lpsee and then drops to 50% of the peak value by
S0usec,

Typical value of test voltage for 330kV equipment is 1050kV (peak).

V Pow

A voltage of ¥ 150% of the rated voltage at power frequency is applied
to the apparatus under test for 1 minute, and leakage current

measured,

Typical value of test veltage for 330kV equipment is 460kV rms.

Protection of Overhead Line=s and Substation Equipment frem Surges
Surge Protection Devices

HV equipment is protected against surges by Surge Arrestors (also
called Surge Diverters) and Rod or Arc Gaps.

These devices limit the surge valtage and conduct the Surge enargy
away from the protected eguipment.
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In particular, they are installed and lecated for pretecting
transformers and cahles that are expensive the repair, 1f their paper
insulaticn is damaged by impul=ze voltages,

overhead Earthwire (Shield Conductor)

At the very top of each tower on each side, are installed earthing
conductors, which run the whole length of the line, and are esarthed at
sach tower.

They provide an earthed shield above the live conductors and attract
lightning away from the line.

) hin

Each tower must be solidly connected to earth and earthing rods and an
earth grid are installed at the base of each tower.

Earthing is important so that any shorting of insulators does not
caua® the tower to become dangerously alive.

Refer te FIO 3. which shows how a lightning strike can cause !Itnhnvu{‘
of insulators, resulting in high current flow to earth. The potential
of the towsr will rise because the tower earth resistance is high,

b
e B l0C A
e ground

Fig 3
Lightping/Surge Arrestors and Diverters

Surge arrestors and diverters are protective devicaes which are

connected between HV conductors apd earth, to divert any surge to
earth.

They protect valuable equipment such as transformers or cables From
being damaged or destroyed by excessive high voltage surges travelling
along & line after a lightning strike.

They are connected as close as possible to the terminals of tha
transformer or eguipment to be protected,
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The surge diverter M_M_:mi_mﬁ;
e 8 : H at normal system voltage
but iz designed to conduct at a pre-determined lavel afbvo?taé:v:ééve

normal voltage.

Refer to PIG 4 which shews tha i
: z ! consbtrueti i n-11
resistor type surge diverter. N R
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The series spark gaps keep the circuit open under normal conditions,

Sometimes grading resistors are connected in parallel with multiple
gaps to assist in veltage distribution.

The assembly is usually evacuated and filled with dry nitrogen at
atmospheric pressure to ensure that the operation is not affectaed by
surrounding atmospheric conditions.

Refer to FIG 5 which shows the operating sequence of a surge diverter.

j_—-Mﬂ:. Qvarvallage quipmenl with stand, Wallage
| F. i 7C‘ : s
: b Surge
:“ s o Ko
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—- Line
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4 | Lightning f‘ Ighindng
o T —_—
_rll—b 4&!—' = Ttﬂ
¥ i.luldlul Yaltags
Surge  Current jf
/ Hewing o ground, ol divertw.
fel la})
Te Ground To Oround
— B
k,_,,i'
_= A - —
ﬁ'. = - Im__.:‘._'_—_.:

la) i '
) Operatlon  Completed

Sirge  Nawing Thre of operotian

ko ground. oppron, 30 microseconds,

L

Orwund
FIG 5

When a surge reaches the surge diverter, the excessive voltage causes
the diverter to conduct, diverting the energy to earth and when the
voltage drops back to normal, the diverter ceases conducting.



