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al networks, which connect
r load centers

scale, power has been produced in large units
at often generation locations are centers are from

g distance transmission, high voltages are required.
Itage*Current. Current magnitude defines conductor size.
ep current in reasonable limits, high voltage is thus needed.

nother reason 1s voltage drop in the line. This 1s measured in volts
Power systems have several voltage levels connected by transformers:
Transmission network (400 kV in Finland) several 1000’s of km

e Subtransmission 110 kV feeding load centers and big industry

e Distribution networks: Medium voltage 20 kV and low voltage 0.4 kV



TransmiSSiOn Power generating stations

And - generator (10,5 kV, 20 kV)
- Step-up transformer (20/400 kV)

Distribution
Networks

smission system
ansformers (400/220 kV)
0 and 220 kV lines
itching stations (400, 220 kV

High voltage distribution system

- 110 kV lines
- Transformer stations (110/20 kV)
- Industrial loads

Medium voltage distribution system
- 20 kV lines

- 20/0.4 kV secondary substations
- Large customer connections

voltage network
1 kV lines and customer connections
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Integration of power systems

To enable cost efficient power systems, the transmission
networks are connected between countries, here the power
can be produced at the cheapest location at the moment

Another reason 1s the reserve generation capacity, which
can be shared between neighboring countries

A bigger system also enables larger generation units to be
connected 1n the systems. A good example 1s large nuclear
power plants.

An example of the system interconnection is the Nordic
power system presented 1n the next slide.
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lines used n
medium voltage distribution

e conductors, thus there is no
ing the conductors

ctors are attached to the power line towers of
y 1nsulators.

higher voltage levels these insulators are of suspension
type. They are composed of a string of insulator discs
connected 1n series.



ower, |-strings
e standing 440 kV
eel tower, V-strings
e) 400 kV steel tower
with guy wires

Puuta

concrete

110 kV wood pole with guy wires
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Capacitances of insulator string
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OH-line insulators. a) pin insulator, b) disc insulator, ¢) long rod type d) multi-material type,

e) and the cross-section: 1 fiber glass rod, 2 silicon plating, 3 silicon discs, 4, 5, 6 junctions,
7 terminal piece, 8 filling piece.



400 kV insulator string and its accessories: 1 insulator, 8 upper protective horn,
9 lower protective horn, 13 protective layer, 15 conductor support



parsely populated areas
reas. Oldest lines are built

ines are used
smission system.
kV lines for local
istribution by areal
istribution companies
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3-phase system

In alternating current (AC) system, the voltages and
currents follow sinusoidal wave form

The power system utilizes three-phase system, where the
phase shift of the power cycle between phases 1s 120
degrees. This means that the sum of voltages and currents
in the three phases is zero. The benefit of this arrangement
1s that no return wire 1s needed for the load currents.

The nominal voltage of the system (400 kV, 110 kV, etc)
1s the voltage between phases — this is called line voltage

Voltage between phase and neutral 1s 58% of line voltage

In normal situation, the neutral 1s at zero potential



u(t) = acos mt

o = angular freq =2n

Rms value U =

V2




e voltage is
Between phases

U, =V3 U,

ase voltage U, U, Us U;

Line voltage U; Upq Ugr U




Powers 1n a 3-phase system

The powers in AC network are divided in real power P,
reactive power Q, and apparent power S

Only real power P provides work or useful energy to the
load. Q 1s oscillating between the source and load, and in
average does not provide work when integrated over a
power cycle. S 1s a square sum of P and Q and defines the
dimensioning of power system for power flows.

Loads use both P and Q. Q 1s needed by electrical motors
to create magnetic field and enable their operation. P and Q
depend on voltage, current and phase angle between them.

Q 1s used by inductances L and can be produced by
capacitances C. Thus, reactive power flows of Q can be
compensated by capacitors.



= 3U,1 =V3 U, 1
S cos ¢

S sin ¢

P + 35Q
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Modelling power lines

* Power lines have two series components, resistance R and
reactance X, where X 1s the product of angular frequency
o = 2nf and inductance L (f 1s power system frequency)

e Series resistance R causes power losses when load current
flows 1n the line. Series X consumes reactive power.

 Power lines have two shunt components between phase
and neutral (earth): Conductance G caused by resistive
leakage currents and capacitive admittance Y caused by
capacitances. Resistive leakage currents are very small, but
capacitive currents affect the reactive power balance of the
network and must be taken into account for voltage control



Long lines
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Power transmission

« Power transmission capacity of a line can be modelled by
power-angle equation (next slide). When phase angle
between sending end voltage and receiving end voltage 1s
increased, power transmission 1s also increased until 90
degrees, which gives the theoretical limit of maximum
power transmission.

» [n practice, some margin must be left for network
disturbances. Hence the practical maximum of power-
angle 1s about 45 degrees.

* The way to increase power transmission capacity is to
increase U or decrease X (=line series reactance)



= sending end voltage
U2= receiving end voltage
X = line reactance

The angle btw U1,U2 is &

<

stabile area

Limit power of static stability



to protect power system
rt time overvoltages

st overvoltage transients due to
switching actions

operation SA are 1solators, but turn conducting
protective voltage level of component 1s exceeded

ere must be enough margin between insulation level of
components and protective level of SA

- SA must be located close to the protected equipment,
which usually 1s a transformer or a cable
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Transmission capacity of power lines

* Power angle limits the transmission
capacity of long high voltage lines

* In case of short transmission lines or
distribution networks, the capacity is
limited by allowed maximum load current
or maximum voltage drop caused by the
load current 1n the line series impedance



POWER TRANSFORMERS

e Power transformers connect different
voltage levels

* They are built around magnetic 1ron core,
having separate windings for low voltage
side and high voltage side.

 Interturn insulation 1s usual made by paper
tape. Insulation between windings is based
on mineral o1l, which also works as coolant



110 kV / 20 KV primary transformer




at secondary Z, =
Y

at primary Z, =

we may write

S =43U,1, =3U],
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ransformer bushings
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Liitinmerkinnat
IEC 60044-1




Liitinmerkinnat IEC 60044-2




ators
etallic
s. The towers
are of wood, .
egnated by CCA, C 5
creosote.

PRYSMVIAN

g of

olerates short
between phases
d phase with trees
without immediate
outages.

CC conductor35



es a) SAX-line (also called PAS), b) SAMI-line
drix). 1 support, 2 spacer link, 3 spacer.

- power not able to move
acting = no disturbance — welds conductors broken ?

ontact: no immediate disurbance, — arcing horns
damage in a few days

. detection of a broken conductor difficult

After possible fault circumstance line must be patrolled !



1n remote control

east at back bone line
ensated neutral
s + circuit breakers at primary subs.

ngth 20...30 km (Lapland even100 km...)

cal load only a few megawatts
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ften double or triple

more expensive than bare

ductor OH-line
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outages in rural area
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Johdinsuoja
Eristys

Hohtosuoja
Vesttiivistys

Kosketussuoja
Vaihevaippa
Kannatin

Kannatiimen enstys
Kertaus

- Vesitiivis yksiankainen
aumiinijohdin
S0 ... 185 mm*: Vesitiivis pydrea
tivistetty alumiinijohdin

Puolijohtava muovi
PEX-muowv

Puclijohtava muovi

VVeden vaikutuksesta paisuva
puolijohtava nauha
Alumani-mucvilaminaatti, joka
toimii samalla
poikittaissuuntaisena
Saankestava musta PE-muovi
Vesitivis pyorea
muutamalankainen sinkitty
Saankestava musta PE-muovi
Kolme vaipatiua vaihetta kemaftu
kannattimen ympérille
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315...2000 kVA

50...1000 kVA

separated, less moisture accumulation = slower
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