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3 ELEMENTS OF POWER DISTRIBUTION SYSTEMS
3.14 Primary Distribution Substations

A primarydistribution substation is the connection point of a distribution system tosa tran
mission or a sub-transmission network. Outgoing feeders from a primariutisin subst-

tion are typically feeding secondary distribution substations and bigger, most oftenahdust
type, consumers directly. What is considered to be the voltage level for a pdistatyution
substation varies country by country and depends on the whole electricity networkrestr
andextentandhistorical and organizational issues. To give some kind of a picture of the vol
age levels, below is an examplleoutthe system level allocation in a certain country.

330 kV Transmission
132 kV Subtransmission
66 & 33 & 11kV Distribution

Based on the example aboitecan bedeterminé that in the country in question the sabst
tions having voltage level like 66/11 kV are considered to be the primary distributiaga-subs
tions.

Generation o
Transmission

Sub-Transmission
Primary Distribution

Secondary Distribution

Figure 3.1 Power system

3.14.1 Switchgear Type and Busbar Arrangement

A typical primary distribution substation would incluaie-insulated outdootype high-

voltage side (HV) and a metahclosed aiinsulated indootype mediumvoltage switchgear
(MV). Due to specific reams, like space limitations, environmental aspects and security, the
substation can be built usinga&nsulated @itchgear (GIS) technology. Utilizing GIS tec
nology, both thdigh-voltage part and the medium-voltage part can be built usetgt
enclosedndoortype switchgear. The GIS technologifows placinghe whole substation in-
stallation inside a building, either on the ground surface or below the ground level.
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>,

Figure 3.2 A typical rural primary distribution substation 110/20kV

Figure3.2 shows a typical primary distribution substation located in a sparsely poputated a
ea. Thehigh-voltage side (110 kV) is an outdotype air-insulated switchyard and timeed-
um-voltage side (2@V) is metatenclosed a#nsulated switchgear located inside the build-

ing.

In addition to théhigh-voltage airinsulated ogasinsulated installation possibilities, alao
so-called hybrid solution is available. This solution consists of highly integgateishsulated
outdoor-mounted bay units. One bay unit includes circuit breaker, disconnector(s), ngeasuri
transformers and the local control and interface cabinet in one transportatiorheniit

has been factorgssembled and tested, offering standard connection points to protection and
remote control circuits. This solution utilizas-insulated busbars for connecting the different
type of units together to achieve the requested substayoutIsolution and functionality.
Different standard bay units are available for different feeder types asthsob laput solu-
tions.

Figure 3.3 Three-phase line feeder module with hybrid construction

While designing the construction of a primary distribution substatene are a number of
different busbar arrangement alternatives for both voltage levels. The tetveeen the f
ferent alternatives always a compromise where issues like the initial investment cost; oper
tional flexibility, equipment maintenance and availabitigwve to be considerell is obvious
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that the different criteria in the consideration have different weightrfad&peding on the
actual customers to be supplied. Industrial type of customers present higiddemdhe
availability and operational flexibility, whesscustomer types like recreational housing areas
impose higher demands on the investment costs.

The main Hernatives for busbar arrangements are covered shortly in the folloveingaEh

of the alternativesa summary of advantages and drawbacks are listed. The actual configura-
tion of a complete substation can be a mixture of the different alternativepacrehigh-
voltage andnediumvoltage installation.

3.14.1.1 Single-Busbar Arrangement with one Main Power Transformer

The following figure shows the prindgof the solution utilizing only one power transformer
and asinglebusbar configuration on the medium-voltage side. The dotted line on the high-
voltage side marks for the optional pgss disconnector placement enabling the HV circuit
breaker service.

Symbols:
> circuit breaker
— disconnector

truck-mounted
circuit breaker

k

¥ X >I<>i<

Mv

3-004

Figure 3.4: Single-busbar arrangement

Advantages:
e simple and low investment cost solution
e control and protection functions straight forward

Drawbacks:
¢ no redundancy

e whole substation out of service while power transformer (and HV circuit b)eakier
of service

e fault in the MV busbar would take the whole substation out of service
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3.14.1.2 Single-Busbar Arrangement with Bus Sectionalizer and Two Power
Transformers

The following figure shows theinglebusbar arrangement having bus sectionalizer circuit
breaker in the MV bus. There are different possible operating principles wigotatn.

The MV bus sectionalizeran be kepbpen and each part of the busbar can be suppltad

its own power transformer or both busbar sections can be supplied with just one posver tran
former while keeping the other power transformer runrdhgor deenergeed. The power
transformergan also be rum parallel withthebus sectionalizer closed. Depending on the
operation principlethe utilization of automatic busbar transfer schemgh speed oret

layed, would cater for automatic redundancy in case of one power transforone. fail

X X
MV or HV | |

I A
= S S = S S

| | 3-005

Figure 3.5 Single-busbar arrangement with bus sectinalizer

Advantages:
e redundancy, in case one power transformer can carry the whole load
¢ increased operational flexibility
e fault in the busbar would be limited to one section only
¢ limitation of short circuit currents while bus sectionalizer is open

e disturbances caused by a fault in the outgoing feeder is seen only with half of the other
outgoing feeders

Drawbacks:
e higher investment cost
¢ higher neload losses as compared to solution with one power transformer with equal
capacity
e paralleling of the power traftgmers neesl additional control logic
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3.14.1.3 Single-Busbar Arrangement with Transfer Bus

The following figure shows thginglebusbar arrangement having a dedicated transfer bus. By
utilizing the transfer bus and the bus coupler, each feeder circuit breakerdaerszgred

for service without any effect to the load. The transfer bus does not have libeftacioad
sharing since only one feeder bay is allowed to be connected totiitngt.

\
N\
N

HV

Main bus

<< Buscoupler

N

\/

A
| AV

Transfer bus

.
+

3-006

Figure 3.6 Single-busbar arrangement with transfer bus

Advantages:
e maintenance on one circuit breaker does not cause any interruptions for the load

Drawbacks:
e higher investment cost
e whole substation out of servicearbusbar fault case

e protection and autececlosing circuits have to be switched over to the bus coupler bay
during a transfer situation

¢ interlocking circuits to prevent more than one bay to be connected to therttaunsfe
simultaneously

3.14.1.4 Double-Busbar Arrangement

The following figure shows the double-busbar arrangement. In a typical operaddethis

type of configuration would have the bus coupler ogrediine and transformer feeders
equally shared between the busses. The bus coupler enables thevatetierg between the
busses without load interruption. This configuration needs advanced interlocking ¢orcuits
prevent forbidden operations like doing bus coupling using any other bay than bus coupler
bay.
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J >k Buscoupler

BUSB _é —é

Figure 3.7 Double-busbar arrangement

3-007

Advantages:
e operational flexibility i.e. possibility to move loads between busses
e limitation of short circuit currents if operated bus coupler open
o effect of a lisbar fault limited
e substation extension possible under service

Drawbacks:

complicated interlocking

whole bay out of service when circuit breaker under maintenance

bus voltage reference needs a selection circuit

busbar protection and breaker failure protection need a selection circuit

3.14.1.5 Double-Breaker Arrangement

The following figure shows the doubbeeaker arrangement. In a typical operation mtus
type of a configuration would have all the breakers closed. This configuration needseatlva
protection and auteeclosing circuits. In some casése transformer feeders are equipped
with one breaker only, thuke power transformers are permanently connected to a deldicate
bus. Normally, there is no need to have a special bus coupler bay includethesimescon-
nection is realized through line feeder (and transformer feeder) bays. Cuegsurament is
carried out for each dhe branches separately.



Distribution Automation Handbook (prototype) 1IMRS757959

Elements of power distribution systems 10
XK XK XK
Bus A HV or MV :
Bus B :
>k A K
3-008

Figure 3.8 Double-breaker arrangement
Advantages:

busbar fault does not disturb service
circuit breaker maintenance can be carried out without load interruption
substation extension possible under service

Drawbacks:

high investment cost
complicated proteatn and autaeclosing circuits
protected object current has to be summated from the two breaker branches

current transformer nominal current selection basedusitonnection conditions and
circuit breakers’ nominal currents

3.14.1.6 H-bus Arrangement

The followingfigure shows one example of thesaled Hbus arrangements. There are
many variatios of this basic arrangement where the number of breakers and their location
vary. Based on the actual selected configuration, the protection schemes areashmsesit

of the network topology.
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> >
HV |
% AN
3-009
Figure 3.9: H-bus arrangement
Advantages:

o offers limited operational flexibility and redundancy at low cost
e compact design with low space requirements
e can be originally built with one power transformer with a provision for a second one

Drawbacks:
e Extensions accommodating more lines or power transformers are difficult

3.14.2 Insulation Level Coordination

By doing insulatiorcoordination,the dielectric strength of equipmastselectedn relation to
the operating voltages and oveltages which can appear on the system. The service env
ronment and the characteristics of available preventing and protectimgslave to be taken
into acount [3.6]. In other words, the target is to find the optimum solution betwetamsys
components’ overvoltage withstand level, different overvoltage phenomena in the network
and the protective characteristics of the utilingdoltage protection devices.

Theelectrical installations are exposedigervoltage stresses caused by various sources. By
nature the ovewoltages caused by the sources have different characteristics in terrag of m
nitude, frequency, duration and raterise. The overoltage phenomena are traditionallys:zla
sified in three separate categories

e Temporary overoltages
e Switching overvoltages
e Lightning overvoltages
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Origin Waveshape Test wave

L 1o's 60 sec
Temporary (f) |
T

W A B 25ms
Switching _ e
7777
2 = N\ g
Lightning
Ve

3-010

Figure 3.10 Types of overvoltages

The correlation between different classes of wokages as a function of duration and magn
tude can be roughly illustrated with the following figure.

p.u.
6 Lightning overvoltages
5 —
= Switching overvoltages
4 //
3 Temporary overvoltages
2 ,/ System voltage
1
t
10® 104 102 10° 102 10%

Figure 3.11: Principal overvoltage classification

In primary distribution substations, the main protective devicéhfanstalled equipment
against overvoltages the zinc oxide cafess surge arresters. The selection of suitable surge
arrester depends on several factors. Manufacturers of surge arrestersttiahedgguide-

lines and selection examples to demonstrate and support the selection procesowing foll
picture describes in principtbe dependencdmetween the system and surge arrester param
ters.
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VOLTAGE

Insulation )
v levels Protective
@ Uy/Uws Ieve/ls =
5 UpVps =
s <
o
< <
9:: TOV o
o capability
= ToV =
= U
Q Ug '
o

w < 3012

Figure 3.12: Coordination between system and surge arrester parameters

Definitions related td-igure 3.12:

Uwi/Uws is the ratio of lightning tewitching impulse withstand level
Upi/Ups is the ratio of lightning tewitching impulse protective level
TOV is thetemporary overvoltage, as differentiated from surge overvoltages,

is oscillatory power frequency overvoltages of relatively longaeur
tion from a fewcycles to hours or even longer.

TOV capability is thesurge arrester’s capability to withstand the temporary overvoltag-

es
U is thecontinuous operating voltage
U, is the raed voltage

The surge arrester should withstand the continuous and temporary power frequevaly-over
ages experienced in the system during normal operation, system faults ahthgvapea-
tions. The surge arresters have to be able to limit the surge overvoltages belowitiesl spe
withstand level of the equipment in the installation.

A single or two-phase earth fault leads to a temporary overvoltage situation in the healthy
phase(s) and also in the neutral of Y-connected power transformers. The ampldate

mined by the systeraarthing conditions and the duration is determined by the protection se
tings (fault clearance time). The arresters have to be able to withstand the Hisrasals

during these situations.

In this book, it is also useful itse some welllefine expressions regarding different voltage
levels. The following definitions are based on relevant international standardgpsee

dix 2 on Terminology: external overvoltage, highest voltage for equipment, highesewalitag
a system,nternal overvoltage, lightning impulse, lightning overvoltage, lowest voltage of
system, nominal system voltage, nominal voltage of a systpenating voltage in a system,
overvoltage in a system, rated voltage of a windiatgd voltage ratio of a tnaformey reo-
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nant overvoltage, switching impulse, switching overvoltage, temporary overvolagsent
overvoltage, voltage impulse and voltage surge.

3.15 Primary Equipment

The following section shortly introduces the primary equipment used in distributioorketw
The equipment already introduced in Section 3.2 is excluded from this section. Thestarge
give some basic knowledge of the different equipment, especially in the viestrdfution
automation concept.

3.15.1 Distribution Overhead Lines

Most of the rural distribution lines on mediunkage levels (>kV) are constructed utilizing
oveleadlines. Onlow-voltage side (<kV), the trend is towards buried underground cables,
even hough the bundled overhead cables are still widely utilized. Thdduuh¥ cable is a
solution where the three separately insulated phase conductors are twistetizare steel
wire. The steel wire works as the supporting and fixing part for the cable imeakinstali-
tion, as well as the neutral (PEN) conductor.

Bare conductor overhedide with Covered conductor overhehde with
normal phase distances reducel phase distances

Figure 3.13: Bare and covered conductors in use

On the mediunvoltage levelthe solution can be either a covered or a bare conductor. The
covered conductor gives a number of benefits, compared to the traditional bare@oswotuc
lution. The width of the right-of-way can be significantly reduced, the faalised by the
phase conductors touching each other while swinging areamweranda tree falling on the
line does not necessarily cause immediate fault. The fauitgyalace at the interfacing
points of the network, like arching faults at the distribution transformer coonscttill are

an issue despite the use of covered conductor.

The smaller width of the rigkaf-way with covered conductors is duwethe lowered distances
between phase conductors, typically one thirtheflistance with bare conductors, and the
smaller safety distances to vegetation (trees) along the way. litwaghtthe covered conclu
tor enables the line operation when a tree Abeif on it, the line has to be cleared from the
trees during a reasonable time period or the situation deviatops fault. Indication of the
fault situations and protective relay operations can be more difficult toeealeto the high
ohmicnatureof the faults.
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Vibrations with covered conductors can also be a probdeam extentespecially under light
side wind and low-load conditions. During low-load (and low-temperature) conditiens,
covered conductor stringing isigs tightest conditionLight side wind can cause vibrations to
the conductor’s cylindrical surface. These vibrations can summate atitigedoint of the
conductor, ultimately resulting a conductor breakdown.

A typical construction othecovered conductor is alloyed aluminum conductor covered with
relatively thin black weathgoroof XLPE plastic coating.

-
—————————————t—

Figure 3.14 Example of a covered conductor construction

3.15.2 Distribution Power Cables

Normal construction is a thrggtase cable where separately insulated phase conductors are
covered withacommon screen and insulation. For applications where the load cugrent d
mands are high, the usesihglephase cables becomes more @megnt. The general han-
dling and especially termination aflarge thregohase cable is obviously a problem. Fery
short distances, a solution of usimgh-current bus duct assemblies with either aluminum or
copper bars inside a metallic enclosureni®ption, for both indoor and outdoor applications.

Forthe conductive material, the use of aluminum instead of copgiernsost common and
cost effective solution.

Figure 3.15 Examples of 20 kV threephase andsingle-phase power cables with
copper as conductive material

If cables must rum places where exposed to impact damage, they are protected with flexible
steel tape or wire armor, which mayalse covered by a wateesistant jacket.

Commonlycrosslink polyethylene (XLPE) is used for insulation material, enabling higher
operation temperaturesd thus higher load currents.
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3.15.3 Distribution Power Transformers

The distribution power transformers figm the necessary voltage transition from trassmi

sion (or sub-transmission) voltage level to a level suitable for power distributienexan-

ple of such transition would be a change from 66 kV to 11 kV. The size of a distributven po

er transformer typally varies roughly from 1861VA to 63 MVA, weighing somewhere be-

tween 20 to 50 tons. The transformer is typically a three-phase breeghase banks, ce
structedfrom singlephase units, can also be implemented due to specific reasons like the road
trarsportation restrictions or request Binglephase spare unit. The power transformer is
generally the most expensive single component in a primary distribution garbstat

In the following, the distribution power transfornfeaturesgconstruction an@rotection and
their influence to the complete distribution system performaneeiscussed he focuss in
mineraloil-insulated (oilimmersed) thre@hase units, which form the majority of distribution
power transformers in applications under IEC inflleenc

™
..|!HH

Figure 3.16 A mineral oil-insulated 16 MVA 66/11 kV distribution power
transformer ready for despatch at factory

3.15.3.1 Physical Fundamentals

A power transformer is a static device with two or more windings that are liolestth other
with a strong magnetic field. The purpose of power transformer is to trangdag @amount
of electric power on a specified frequency from a voltage level to anothagedével with
minimum losses.

The function of a transformer is based on two physical phenomena, namely elengthenag
induction and the fact that a conductor carrying current is surrounded by a im&gltbet
[3.16].

NI
U, =-N o (3.1)

The equation (3.13tates the induced voltage as a scalar value in a coil wkhramber of
seriesconnected tumwhen subjected to magnetic field changes.
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To achieve a magnetic field that varies as a function of time, the primary wirgddaopnet:

ed to a sinusoidal voltage creating the necessary maggeturrent. The windings are made
as concentric shells around laminated steel plate core. Due to the magoedrties of the
steel (low reluctance), the magnetic flux will be several thousand times ligimeit would

be without it. This makes the magnetic coupling between the windings strong.

Under no-load conditions the relation between applied voltage on the primary side and in-
duced voltage on the secondary side is the same as the relation between primecgrahd s
ary coil turns. This relation is referred to as turn ratio.

u, N, (3.2)

When the transformer is loaded, the actual voltage ratio may differ from theatiar consid-
erably. This is due to the transformer’s internal voltage drop (or rise), caytiesl lbad cu

rent passing through the transformer’s short circuit impedance. Transformetaautfalfils

the following equation, with a small deviation (around 1%) due to the magnetizing current.

I, xN,=1,xN, (3.3)

The following simple equivalent circuit of a power transformer demoresttia¢ behavioof
the trransformefThe following abbreviations are used:

Here
Z, is the no load impedance
Z is the short circuit impedance of the transformés-(j X )
Z is the lbad impedance
U, is theno-load secondary voltage
U Is the secondary voltage under load (voltage at the secondary terminals

of the transformer)
is theload current

Ie ;o
- | 3-017

Figure 3.17: Equivalent circuit of a power transformer
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The corresponding vector diagram can be drawn as follows. The voltage ve@odsyrep-
resent the voltage lossestire short circuit impedance (Z) imaginary and real part. The vol
age drop AU is the_arithmetidifference between voltagéh, and W. The influence of a
small magnetiing current is negligible, thus not shown.

Figure 3.18 A vector diagram based on the transformer’s equivalent circuit

The vector diagram above presents a situation where the load curenta@ging the se
ondary terminal voltage @) by an angle op, thus the transformer is supplying an inductive
load. When the current leads the voltage under increasing capacitive loading, at stme poi
the voltage drop turns to voltage riBlee fllowing figure demonstrates this issue with a
power tansformer havingy, = 6% and W, = 1%. Abbreviation "n" denotes the relation of
the transformer’s actual load current dhe transformer’s rated current. Negative anglé ind
cates a lagging (inductive) load current and positive angle indicates a |ézavagitive) load
current.

1.1
1.08
1.06
1.04 ]

21.02 e

2 1 — S n=0,5.—
[ N P "/
> 0.98 = .

0.96 -
0.94 ”///’
0.92 +——=

0.9
-90 -60 -30 0 30 60 9C

Angle ¢ (degrees) of loading current

Figure 3.19 Relation of U,¢/U; as a function load current angle under different
loading conditions (Ly,=6% and Uy, =1%)
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To alculate the voltage drop (or rise) AU, thearithmeticdifference between 3d and U, the
following formula can be used:

AU, = 1,Rcosp + 1,X 5ing +U,, — U2 - (1,Rsing — I, Xsosp)’ (3.4)

When calculating the relative voltage drop at any relatiadifeg n, the above equation can
be rewritten as follows:

AU%ZO = n(u, COSp + U, Sing) +1— \/1— n*(u, sing —u, cospy’ (3.5)
R is the short circuit resistanc@]
X is the short circuit reactanc@]
n is the relative degree of loading, at rated curreatl
u, is the elative short circuit resistance,(, =1% — u, = 001)
U, is the elative short circuit reactange,,, = 6% — U, = 006)
¢ is the agle between load current and load voltage

3.15.3.2 Construction

Common features and dominant materials for most power transformer conssutigai-
less of the size and application, are:

e Special type of thin magnetic steel plates in the core, provaliog+reluctance path
for the magnetic field. The steel plates are gaaianted siliconesteel; it has been
cold-rolled under high pressure to direct the magnetic domains towards rollieg dire
tion. This feature gives good loss properties to the rolling direction and corregpondin
ly poor properties to the transversal direction.

e Copper or aluminum used as the conductor materials in the windings.
e Cellulose products likhigh-density paper and pressboard as solid insulation material.
e Mineral oil as the liquid insulation and cooling fluid.

The iron core and the windings are referredgdhe actig part of the power transformer. For
threephase unitshere are basically two different active part construction types, naneely th
Core type and the Shell type.

Figure 3.20 Two types of active part conguctions
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The trend today is towards the core type of construction. Thelyjpeective parts can be
further divided into thredimb or five-limb constructions. The following figure shotse

principle for both constructions. In both types, the windings are placed on thedethsated

limbs separately. Usuallyhe primary figh-voltage) winding is the outer winding and the
secondary winding is the inner winding on each limb.

T [T

1 b b3

Window Yoke

Limb
Figure 3.21:

3-021
Core type constuction with three-limb (on the left) andfive-limb
design

The choice between threer five-limb desigrs affects the weight and physical dimensions of
the unit. It has also very significarftect onthe zeresequence impedance,iashown later.

The oveall construction of a power transformer has a significant difference i@ and
ANSI world. ThelEC-type construction has the whole main tank filled with oil, and xhe e

pansion of the oil, as a result of temperature variations, is handled with a sepa@isai
vator (expansion vessel).

0O O

— Bucholz Q

Figure 3.22:

3-022

A power transformer with conservator

The ANSI-type construction has the main tank filled with oil only partially. The nitrogen ga
fills the rest of theank. The thermal expansion of the oil increases the nitrogen pressure.
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Figure 3.23 A power transformer with nitrogen cushion

The terminal markings on top of the unit are normally either stamped or welded orp the t

steel cover plate close to the bushing (insulator) mountings. With the actual ragwang
different ways are dominating, as shown below:

Primary side

e A, B, C(phases) and N (neutral)
e U, V, W (phases) and N (neutral)

Secondary side

e a, b, c(phases) and n (neutral)
e U, V,w(phases) and n (neutral)

The terminal markings can be further appended with numbers from 2 onwards, except the

winding havingthe highest rated voltage. As an example, the terminal markingshoee
winding transformer can be as follows:

i |
N 2n

~OA 2a

B 2b

toc 2c

- 330!
I 3boi
i_ 3co+

———— 3-024

Figure 3.24 Terminal markings on a power transformer

Losses and Efficiency

The losses are divided into two categories, the load losses at rated load cwrteetrzo-

load losses at radevoltage. Depending on the appreciation of the losses, the transfomer co
struction can be optimized in order to come up with the minimum capitalized losses during
the unit’s life cycle. Usuallythe power transformer purchaser will, as an amendmeng to th
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request fobid, supply the loss capitalization formula for the manufacturer for design guid-
ance. This formula is created covering the initial investment cost and ses.|d$ie appresi

tion balance between load and no-load losses is chosen to reflect the intended usenst the tra
former.

The efficiencyn [%] of a power transformer is directly linked to the losses taking place in
the unit. The efficiency can be calculated as follows:

y = 100
1, RtR’ (3.6)
P,n
Above
P, is the no-load losses at rated voltage [kW]
P is the load losseat rated currerfkW]
P, is the active power supplied to the load [kW]
n Is the relative degree of loading (at rated curnentl)

The active power supplied to the lodd ) is calculated as follows:

P, :\/§><U20><I2><(1—ﬁu2

) x COSp (3.7)

20

Normally, the trarsformer’s efficiency is very highyith thetypical value being around 98-
99%.

3.15.3.3 Inrush Current

The magnitude of the inrush current is a statistical variable and theredbreasasion when
power transformer is energized might be different from the earlies. There are different
factors affecting the magnitude and the decaying rate of the inrush ctitveribllowing
main factors can be identified:

e Moment of time in the sinusoidal voltage curve when the energizing takes place.
Worst situation would be vem the transformer is energized at the voltages
crossing. Connection at the voltargro-crossing will cause the magnetic flux to reach
twice the value during normal operation. As a resbl core will saturatdowering
the winding reactance heaviéyd increasing the current.

e Value and direction of the remnant flux in the core of the transformer. The value and
direction of this remnant flux depend on the instant of time when the transformer has
been disconnected from the network. If the disconngdttikes place at the time when
the altering flux has stmaximum value, the remnant flux will also have its maximum
value.

e Magnetic properties of the core
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e Sijze of the transformer

e Source impedance of the supplying network. If the supplying network impe@ance
relatively high (weak network) the inrush current causesignificant voltage drop
across the impedance, thus lowering the supply voltage level at the time otiegergi
This lowers the maximum inrush current value, but also incréasetecaying time.

With modern power transformers, the inrush current tends to be higher than with older ones
The reason behintthis are the properties of the modern core steel, allowing higher flux-dens
ties in the transformer design during normal operation and therefore givengdes" before

the core saturation takes place during the connection to the network.

The residual current, sum of the phase currents, should be zero if the core does et satura
and poles are closing exactly at the same time. Witicanneded and effectively earthed

neutral power transformgthe inrush current appears also in the neutral, in case the core satu-
rates.

The inrush current contains the second harmonic, which can be used for detecting the inrush
condition by the transformer protection relays, like current differential grotec

The behavior of inrush current with a ¥8/A 63/11 kV power transformer as a function of

time is shown in the below figure. The transformer is energized agaiakitively weak qu+

ply network. The rated primary current of the transformer in question is 147 A. The ugper pa
shows the wave form of each phase current and lower part shows the RMS valire of eac
phase current. From the figure it can be noted that the inrush current includesedddively

large DGcomponent. The DC-component can lead to saturation of current measurement
transformers, thus giving out false secondary signal to protection relays.

1o AT [= B NT = IC_NT \
0.8k
0.6k
0.4k
we oz I, o
0.0 i e, !‘I Il T e Ve 0.8897K
oz JIHIHIEAN
-0.4k-
450 = A NT RS |= IB_NT_RVS = C_NT_RMS \
400
350 -
300 -
250 -
I/A 200+ Min 0.000
]gg: Max 426.890
50
0_
060 080 100 120 140 160 1.0
tis

Figure 3.25 Inrush current of a 16 MVA 63/11 kV power transformer

3.15.34 Magnetising Current

As stated earliethe magneting current at the rated voltage is very smaibund 1% out of
the rated current. Thmagnetizingcurrent is heavily dependent on supply voltage level,
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though. Wherhesupply voltag level increaseshe magneting current stag toclimb ragp-
idly. The steepness of the rising current curve depende magnetic properties of the core
and the flux density at rated voltage. The figure below shows the behavior of a peviar
trangormer.

1E+1

1 E+O /

fE1E'1 |
1E-2
1E'3 T T T T T T T T
0.0 05 1.0 15 20
U!Un 3-028
Figure 3.26: The RMS value of the magneting current as a function of supply
voltage

The increasing magneiing current haahigh content of the fifth harmonic, which can be
used to detect the phenomeiibe following figure demonstrates the issue and the behavior
of a certain power transformer.

80

N

_ 22 / S

~

-20 T T T T T T T T T T T T T
0.0 0.5 1.0 15 2.0

Ui, 3-027

Figure 3.27. The fifth harmonic content in magnetizingcurrent as a function of
supply voltage

The phenomenon relatedda increasing magnetng current as a result of increasing supply
voltage is referretb as overexcitation.

3.15.35 Secondary Voltage Adjustment

The voltage level supplied to the load frdmetransformer secondary terminals should be
kept withincertain limits. Factors affecting the fluctuation of the secondary voltagkdey
the primary side voltage level and the secondary side load current. To enable thargecond
voltage adjustment to compensate these fluctuations, the voltage transfomatdi of the
power transformer has to be adjustable.



Distribution Automation Handbook (prototype) 1IMRS757959
Elements of power distribution systems 25

This adjustment is made possible by introducing a number of tappings in the windirggs. The
tappings are usually placed in the primary side windings to minimize the currsimigpas
through the switch providing connection to the different taps. This switch can do the chang
of tap while carrying load current, in which case it is calledoawl-tap changeor the tras-
former has to be denergized, in which case it is called-tdad tap changer (offircuit tap
changer also used). A definition of "principal tapping" refers to the tap position ¢b afhi

the rated quantities are related to, including the rated voltage ratio.

The tap changer’s physical placement with power transformer can be iresiaeithtank (in-
tank type), in other words within the same oil-filled enclosure where the windiegshe
other possibility is to have the tap changer outside the main tank (on-tank or caytzeher
within its ownoil-filled enclosure attached to the side of the main tank.

Three different tapping switch implementation pritegtan be identified, namely plus
minus switching, linear switching and coarse-fine switching. Out of these, titwe first one,
plus-minus switching, is the most commadie operatn principle is shown below.

V
M Vout - VM+ VT
Vy
‘—
Plus configuration Minus configuration

Figure 3.28 Tap changer’s "plus-minus switching" principle

Typically, the onload tap changer imotor-operated, providing a possibility for remote con-
trol. The off-load tap changer is most commonly having manual operation faahtigsout

also a motor operation is possible. The on-load tap changer has a number of taps, like
+8x1.25%. This indicategpossibility ofan 8step, each 1.25%, increase or decrease from the
ratedvoltage ratio. The off-load tap changer has fewer steps, like for exag@wiea%0. The
operation of an on-load tap changer can be automated usingoamasic voltageegulator

(AVR), asis shown later.

3.15.3.6 Connection Groups

The power transformer connection groups are indicated with letter and number symbols.
Captal letters refer to the winding havitige highest rated voltage and small letters todwin
ing(s) havingalower rated voltage.

Y andy: are referring to a stamonnected winding.

D andd: are refermg to adeltaconnected winding
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Z andz: are referring to aigzagconnected winding
[l andiii : are referring to an open (not connected) tmiegse winding.

N andn: indicate that the neutral terminal o$t@arconnected winding is brought to thesu
face.

a: indicates an auttype of winding connection.

The numbers are used to indicate the pha$etsttween primary and secondary voltages.
The reference point is the primary side phtasearthvoltage, which is compared to a similar
voltage on the secdary sideThe rumbers used are from 1 to 12(0) referring to a normal
clock’s time dial.

c 3-029

Figure 3.29: Winding arrangement and corresponding time dial ofYNd11-
connected power transformer

3.15.3.7 Short Circuit Impedance

The following discussion is introducing the (sequence) impedances in relationetptinee
power transformers.

Short circuit impedanc& = R+ jX [Q/phase] is the equivalent impedance at rated frequency

and reference temperature, acritgsterminals of one winding of a pair, when the terminals
of the other winding are short-circuited and further winding®pescircuited. Forthree
phase transformerthe impedance is expressed as phase impe(aiag.

This quantity is often expressed in relative, dimensionless form, as a fragtiar the refe-
ence impedancg , [Q/phase].

Zpu =5 (38)
Or in percentage notation

z, =100x — (3.9)
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The reference impedancg, [Q/phase] can be calculated from the reference voltage,
[V], reference current, , [A] and reference apparent powsy, [VA] as follows.

7 _ Uref _ Urzef (3 1@
" /3x le  Se '
Combining the above formulassults in
U 2
Z=z,x" (3.1)
ef
And starting from percentage values.
2
ZO/ Uref
= X—— (3.12
100 Sq4

As noted earlierthe short circuit impeshceZ is a complex number having a real andran i
aginary part. The real part of the impedance can be calculated based on the rateddsad los

B, [W]. The following formula gives the result in perceamt[%].

r,, =100x L (313

ef

The imaginary park,, [%] can be calculated as follows.

Xyo = |20 — 1) (3.19

The realR [Q/phase] and imaginary part X [/phase] of Z [Q/phase] can be calculated as
follows.

P
R=§ (3.19
X =+/Z?-R? (3.19
3.15.3.8 Sequence Impedances

Here arentroduced the sequence impedances related to power transformers. The following
definitionsare used

Here
Z is thepositivesequence impedance [()/phase]
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Z, is thenegativesequence impedance [(/phase]
Z, is thezerosequence impedance [(/phase]

| I

Al I

T I

| I

U Ci :

» | I

3 Ny :

_____________ 3-030

Figure 3.3Q Zero-sequence measurement

Equation (3.17) below can be usedticulate the zersequence impedancg, [Q/phase]
using voltageJ [V] and currentl [A] as defined inFigure3.30.

2 :LIJ (3.17)

With transformers
Z:lezz;tZO (3-1&

The positive- and negativeequence impedances equal the short circuit impedance, whereas
the zeresequence impedance differs considerably. The factors affecting theerprence
impedance are:

e Transformer connection group
e Core orshelttype construction
e 3- or 54imb orthreephase bank constructedsihglephase units

The effect of power transformer’s connection group tat#resequence impedangestu-

ied more closely. The below stated relative zezquence impedance values are for guidance
only and the actual values have to be checked from the actual transformer’s datéFsheet
themore the stated values refer to a ctype constrution withthreelimb design.The fd-
lowing definitions have been used.

H: High-voltage (primary) winding

L: Low-voltage (secondary) winding

T: Tertiary winding

E: Earth potential

Z: Relative short circuit impedance

ZoHL: Relative zeresequence impedanc®im high-voltage to low-voltage side
ZoHE: Relative zeresequence impedance frdrigh-voltage side to earth

ZoLE: Relative zeresequence impedance frdaw-voltage side to earth



Distribution Automation Handbook (prototype) 1IMRS757959

Elements of power distribution systems 29
Connection group Zero-sequence circuit Zero-sequence values
YNyn H L
o — ZopL =<4
H L -
= E £ Zong = 9Z
= = =, ZOLE = SZ
E

o]

m

Q

YNy H
o | Zopy = ©
=
1 o ZoLg =P
E

Figure 3.31: Zero-sequence impedances of YNyrand YNy-connected power
transformers as a relation to the units’ short circuit impedance

3-031

If the above presented power transformer itheffivelimb design or the threphase bank is
constructed out adingle phase units, the values af and % g are basically infinite.

Connection group Zero-sequence circuit Zero-sequence values
YNd H L
o—] ] o ZOHL =00
H L - Zoye = 0.852
E E
1 o ZDLE =00
E
Dyn H L
o] [ —0
H L - Zoy = P
E E ZoHg = O
. o o]
E Zo,e=2

3-032

Figure 3.32: Zero-sequence impedances of YN@nd Dyn-connected power
transformers as a relation to the units’ short circuit impedance

If the above presented power ts&rmer is otthe fivelimb designor thethreephasebank is
corstructedoutof single singlephase unitshe zoye in the YNd-connection is equal to.
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Connection group Zero-sequence circuit Zero-sequence values
Yzn
H L
H -, Zopg = 0
= OHE =
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£ +] ZOLE = 0 1 Z
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Figure 3.33 Zero Zero-sequence impedances of Yzand YNynd-connected power
transformers as a relation to the units’ short circuit impedance

Normal procedure for the power transformer manufactures is to statertésequencem-
pedance in relative values, either as a fraction or a percentage of the referext@moapFor
calculating the actual ohmic values, the same equations as introduced forrtlogahioim-
pedance calculations can be used. With transformer connection gtmwsg the closed
loop forzerosequence current to circulate, like Y,Nldereal and imaginary parts of taero
sequence impedance have the same relation (ratio of R/X) as with the cornegshiadi ai-
cuit impedance. With other connection groups, situation is more complicated, while the
R/X ratio is not necessarily linear.

Forthreewinding power transformerthje calculation of zersequence impedance ohmic
values is a bit more complicatdd.this example, the following informatiaa available irthe
power transformer’s data sheets.

@ YNynd1
Upq = 113 kV
S Unp =21 kV
. Sy, = 25/25/25 MVA
‘ z=11%

z, (H-T) = 9%
— — z, (L-T) = 16% 2034

Figure 3.34 Data for the power transformer used in calculation example

The following figure shows theerosequence impedance componemt®seohmic values
should becalculatel based on the above datas assumd herethat the impedaces are pure
reactanceand the chosen reference voltage i€ZXlow-voltage side of the transformer).
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ZopL
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Figure 3.35 Zero-sequence circuit of the transformer used in the example

Calculation of the ohmic values based on the transformer’s given data.

9 (21x10°f
- _ 149 Q/ph 3.1
" T100" 25x10F phase (.19
16 (21x10°f
y _ 282 Q/ph 3.2
T T 100" 25x10P phase (3:20

10 (21x10°f
zZ. = — 176 Q/ph 3.2
H-L 100" 25x10F phase (329

The specific component impedanegs then calculated

— ZOH—L + ZOH—T -Z

Z,, ) OL-T = 027 /phase (3.22

z,, = Lot +Z°§T ~Zow1 _ 150 Q/phase (3.23

Z, = Zonr Zozu ~Zon-t _ 133 Qfphase (3.29
3.15.3.9 Parallel Connection and Cooling

When two power transformers are to be connect@autallel there are some conditions that

the power transformers haveftdfill . It is posdble to realize the parallel connection even if

not all of the conditions are met, but the situation should be carefully studied. The conditions
are as follows:

e The rated powers have to be within the same range, usually differences bigger than 3:1
should be avoided.

e Short circuit impedances have to be within the same range, differences bmyger th
10% should be avoided.

e The rated voltages have to be within the same range, differences biggerS¥tan 0
should be avoided.
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e The secondary voltages have to havestimae direction. This condition is automatical-
ly met if the units have the same connection groups and the same phase order is used.
This condition can be met also in some cases when the connection groups are diffe
ent, but acaserelated study has to berfamed.

As discusseackarlier, the mineral oil inside the transformer tank works as an insulation and
cooling mediumWhen the oil is collecting the heat from the windings, the oil itdstf has

to be cooled down. For this purposige transformer is egqoped with radiators, which pro-
vide the necessary surface area towards outsidenaibling the heat transfer from oil to air.
In some designsyateris used instead of ailike in a case where thansformer is situated in
a place where the surroundiag camot transfer the heat, for example installations below
ground level.

With air-cooled units, the flow of the oil, as well as the air, can be either natural or florced.
practice the forcing means using pump(s) to enhance the circulation of wit¢betthe main
tank and radiators and fan(s) to enhance the flow of air through the radiatorsuoisies.s
The transformer’s rated capacity is stated according to the cooling métetbllowing ab-
breviations are used.

e ONAN: QOil NaturalAir Natural
e OFAN: QOil Forced Ar Natural
e OFAF: Qil Forced Ar Forced
e ONAF: QOil NaturalAir Forced

Usually with power transformers designed either with forced oil or air, thew different ra
ed power figures are stated, like 25MVA ONAN / 33MVA ONAF.

3.15.3.10 Protection Devices

The power transformer protection is realized with two different kinds of devieesely the
devices that are measuring the electrical quantities affecting the transtorowgh instu-
ment transformers and the devices that are indicating the statespfytsical quantities at
the transformer itself. An example of the former couldlmeentbased differential protection
and of the la#r oil temperature monitorin@he following discusssprotection devices typ
cally delivered as a part of the powemstrmer delivery. The power transformer protection
as a whole and the utilization of the below presented protection devices are disatesse

TheBuchholzprotection is a mechanical fault detector for electrical faults {monersed
transformers. Th8uchholz (gas) relay is placed in the piping between the transformer main
tank and the oil conservator. The conservator pipe must be inclined slightly for repalasle
tion. Often there is bypasspipe that makes it possible to take the Buchholz relay out-of se
vice. The Buchholz protection is a fast and sensitive fault detector. It works e ef

the number of transformer windindgap changer position and instrument transformers. If the
tap changer is of then-tank (container) typdaving its evn oil enclosure with oil conseav

tor, theres a dedicated Buchholz relay for ttegp changer.
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A typical Buchholz protection comprises a pivoted float (F) and a pivoted vane (V) as shown
in Figure3.36 The float carries one mercury switch and the vane also carries another mercury
switch. Normally, the casing is filled with oil and the mercury switches are open

)

GJ\C [ Alarm

To conservator
|\
\_4’/

Tri P 3036

e

Figure 3.36 Buchholz relay principal construction

Here isassumd that a minor fault occurs within the transformer. Gases produced by minor
faults rise from the fault location to the top of the transformer. Then the gas bubklep pas
the piping to the conservator. The gas bubbles will be tapped in the casing of the Buchholz
protection. This means thiite gas replaces tlod in the casing. As the olil level fajlthe

float (F) will follow andthe mercury switch tilts and closes an alarm circuit.

It is alsoassumd that a major fault, either to earth of between phases or windings, occurs
within the transformer. Such faults rapidly produce large volumes of gas (more than

50 cm?/(kWs) and oil vapor which cannot escape. They therefore produce a steep bfiildup
pressure and displace oil. This sets up a rapid flow fromdheformer towards the comse

vator. The vane (V) responds to high oil and gas flow in the pipe to the conservator. In this
casethe mercury switch closes a trip circuit. The opatgtime of the trip contact depends

on the location of the fault and the magnitude of the fault current. Tests carriedhositi-

lated operating conditions have shown that operation in the time range 0.050-0.10 seconds is
possible. The operating time should not exceed 0.3 seconds.

The gas accumulator relay also provides a l@ngr accumulation of gasses associated with
overheating of various parts of the transformer conductor and insulation syskesnsillT
detect fault sources in their early stages and prevent significant damage.
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Figure 3.37. A typical outlook of a Buchholz relay with flanges on both sides for pipe
connections
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When the transformer is first put into servittes air trapped in the windings may give ucne
essary alarm signals. It is customary to remove thie #ie power transformers by vacuum
treatment during the filling of the transformer tank with oil. The gas accumuwigtieaut this
treatment will, of course, be air, which can be confirmed by seeing that ttirflacnmable.

In addition, the Buchholz &y can detect if the oil level falls below that of the relay as ar
sult of a leakage from the transformer tank.

Many power transformers witlnontank-typetapchanger have a pressure protecfmrthe
separate tap changer oil compartmdinis proteabn detects gsudden rate-oircrease of
pressure inside thap changer oil enclosur&igure3.38 shows the principle of a presswge r
lay.

Switching contact - micro switch One single-pole
switching contact

A

RS

)
| NoNCcC
= 6163 62

Adjusting nut
Spring

Piston
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Figure 3.38 Pressure relay

When the pressure in front of the piston exceeds the counter force of the springpthe pist
will move operating the switching contacts. The micro switch inside the switahibgs
hermetically sealed and pressurized with nitrogen gas

An internal fault in an oil-filled transformer is usually accompanied by ovespre in the
transformer tank. The simplest formpmessure relief devias the widely used frangible
disk. The surge of oil caused by a heavy internal fault bursts the disk and allowsahdissil
charge rapidly. Relieving and limiting the pressure rise prevent explosive eugttire tank
and consequent fire. Also, if used, the sepaegiehanger oil enclosure can be fitted with a
pressure relief device.
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Figure 3.39 Principle construction of a pressure relief device

The pressure relief device can be fitted with contact unit(s) to provide a signattor
breaker(s) tripping circuits.

133
.

‘ 262 Test lever

3040 0

Figure 3.40Q A pressure relief device with contact units

A drawback of the frangibldiskis that the oil remaining in the tank is left exposed to the at-
mosphere after a rupture. This is avoided in a more effective device, the prekstivalve,
which opens t@llow thedischarge of oil if the pressure exceeds theggljested limit. By
providing the transformer with a pressure relief valve, the overpressure camtéd tb a
magnitude harmless tbe transformer. If the abnormal pressure is relatively tinghspring-
controlled valve can operate within a few milliseconds and provide fast tripping whalesuit
contacts are fitted. The valve closes automatically as the internal pressureltaisbritical
level.

Transformers with oil conservator(s) (exgéntank) often have aail level monitor Usud-
ly, the monitor has two contacts for alarm. One contact is for maximum oil level alarm and
the other contact is for minimum oil level alarm.
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Figure 3.41 A typical outlook of an oil level monitor device

The topeil thermometehas a liquid thermometer bulb in a pocket at the top of the-tran
former. The thermometer measures thedibpemperature of the transformer. The tip-
thermometer can have one twf contacts, whiceequentially close atuccessivelyigher
temperature. With four contacts fitted, the two lowest levels are commonly ustaditttans

or pumps for forced cooling, the third level to initiate an alarm and the fourth stegp ltwatti
breakers or denergee the transformer or both. The figure below shows the construction of a
capillary-typetop-oil thermometer, wherthe bulb is situated in a "pocket" surroundagoil

on top of the transformer. The bulb is connectetthé¢omeasuringdlow insidethe main unit

via a capillary tube. The bellow moves the indicator through mechanical linkagésngeis
theoperation of the contacts at set temperatures.

. i
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Figure 3.42 Capillary type of top-oil temperature measurement device

The topeil temperature may be considerably lower than the winding temperesypecially
shortly after a sudden load increase. This means that ttwal tthigrmometer is not an effe

tive overheating protection. However, where the policy towards transforrossot life

permits, tripping on toil temperature may be satisfactory. This has the added advantage of
directly monitoring the oil temperature to ensure that it does not reach the flasraeure.
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Thewinding thermometershown in the figuréelow, responds to botthe top-oil tempea-
ture and the heating effect of the load current.

1 Bulb

3 Capillary tube
11 Resistor element
12 Contacts

JI 13 Mai
e — ain current transformer
L - T L 15 Adjustable resistor
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Figure 3.43 Capillary type of winding thermometer.

The winding thermometer creates an image of the hottest part of the winding. Tile top-
temperature is measured with a similar method as introduced earlier. Theenmeagus fu-
ther expanded with a current signal proportional to the loading current in the windigg. Thi
current sgnal is taken from a current transformer located inside the bushing of thatlpartic
winding. This current is lead to a resistor element in the main unit. This rdsesitsrup, and
as a result of the current flowing through it, it will in its turn hgathe measurement bellow,
resultingin an increased indicator movement.

The temperature bias is proportionathe resistance of the electric heating (resistor) element.
The result of the heat run provides data to adjust the resistance and theremptrature

bias The bias should correspond to the difference between the hot-spot temperature and the
top-oil temperature. Théme constant of the heating of the pocket should matchirtiecon-

stant of the heating of the winding. The temperature sénepmeasures a temperature that

is equal to the winding temperature if the bias is equal to the temperature ddfanehthe

time constants are equal.

The winding thermometer can have one to four contacts, geighentially close at suwee
sively higher temperature. With four contacts fitted, the two lowest levelsoanmonly used
to start fans or pumps for forced cooling, the third level to initiate an alarm afalttiestep
to trip load breakers or demergeethe transformer or both. In cagpower transformer is
ted with topoil thermometer and winding thermometer, théelabne normally takes care of
the forced cooling control.
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Figure 3.44 Top-oil thermometer and winding thermometer main urits fitted on the
side of a power transformer

3.15.4 Primary Medium-Voltage Switchgear

3.154.1 General

Primarymediumvoltage switchgear represents an important part within the primary distrib
tion substation functionality. The switchgear works as a connection node betweeta the ou
going distribution feeders and the in-feeding power transformers. The mosbocorom

struction with the switchgear is an indoor-mountedtatenclosed onelhe rated voltage,
current and short circuit withstand ranges for secondary switchgearally reach up to

36 kV, 1250 A and 50 kA respectively. The same switchgear constructions are usedin prim
ry distribution by the utilities and in heavier industrial and power plant applisati

On a 36 kV voltage level also outdar-insulated constructions are used to some extent.
These switchgears are built at site utilizing individual standard componeiggivéds the
possibility to construct customspecificsolutions like busbar arrangements that are not
available with factorybuilt metatenclosed switchgears.

3.15.4.2 Construction
The following concentrates dactory-built metatenclosed indoor switchgears.

The primary switching devices typically include switch disconnectors, fuwgisthsdiscon-
nectors, contactors and circuit breakers, either fixed or withdrawable. Tkatcamd voltage
measurement can be done either with traditional instrument transformeath semsors. Ge
tain combinations are also possible, depending on the individual switchgear manufacturer

Two main construction princigsexist, namely thair-insulated one and the gasulated
(SF6) one. The choice between these two alternatives is a result of evaludiiterenmt -
pects and differentiating factors during the switchgear’s life cyidles evaluation can typ
cally include thdollowing viewpoints:

e Space requirements
e Service requirements (tools and knowledge)
¢ Reliability and availability
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e Installed base

e Operational safety

e Life cycle costs

e Performance ratings
Switchgear consists of a number of cubicles. The basic construction of each mubdsen
to meet the intended use. This means that for example the power transfofeeeicunicle
can have different primary and secondary deVias whatthe outgoing line feeder cubicle

has. The switchgear manufactures prewadelection of typical cubicle constructions. By
combining these typical cubicles, one can create switchgear suitable foetigenhuse.
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Figure 3.45 Example of typical cubicles forsingle-busbar solution

The number of different cubicles within the switchgear is coupled together by therfius
anair-insulated constructigrihese busbars are placegimetalenclosed compartmentrsu
rounded by normal air. With thgasinsulated construction, the busbare placed in aer-
metically sealed metal enclosure under pressurized insulating gasi§pending on the
manufacturerthe busbar compartmecanbe divided into cubiclevide sections.

Typical busbar arrangements supported by the different switchgaarfacturers are thensi
gle-busbaranddoublebusbar arrangements.
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Figure 3.46 Example of typical cubicles fordouble-busbar solution
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3.15.4.3 Protection, Control and Metering

The protection relays are externgblgwered advanceatelligentElectronicDevices (IEDs),
also referredo as Feeder Terminals.

In a modern primary switchgedhe bay-dedicated functions like protection, control and
measurement a@rried out with Feeder Terminals. The Feeder Termiedbpns the s
signed protection functions, carries out the local and remote control of switchingge
gathers and processes and displays measuredrdiitadicates the status of the switchingrd
vices.

The horizontal communication between feeder terminals in each cubicle providessibé-pos
ity for station level automation and gateway connections to upper level systecosiplete
primary distribution networkealtime control and monitoring.

Figure 3.47: Air -insulated primary switchgear equipped with Feeder Terminals

3.15.5 System Earthing and Compensation Equipment

As discussed undehapter System Earthingin this handbook, there are several principal
ways to realize the distribution system earthing. This section will conceotrtte actual
primary equipment for realizing the syststarpoint (neutral-poirjtconnection to earth at a
single primary substation, thus referredsoneutral earthing.

3.15.5.1 Neutral Earthing Resistor

Even though the reference point in the following discussion is the primary disnilswiost-
tion, the presented equipment can be basically utilized also with generatai-peuttearh-
ing at power stations. With substatioeutral earthing resistor (NER), the rated resistance
values are chosen to cater for thaximum eartHault current somewhere in the range of a
few tens to few hundreds of amperes, thus referragloaw-resistance earthing (resistor).
With power plantsthe generator neutrgloint earthing resistors are quibéten chosen toas

ter forthemaximum eartkault current froma few amperes to few tens of amperes, thus re-
ferredto ashigh-resistance earthing (resistor).

Traditionally, the NERs have been built usiliguid-filled resistor containers or metallic, cast
iron resistors. The modern NERs use widely a metallic, often stastkssigqid resistor solu-
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tions. The duration time for the rated current flow is limited due to the accumbkded-
side the unit. Typical value for rated current maximum duration is 10 seconds. The continuous
currentcarryingcapacity is just a fractioof the rated current.

Installation location othe NER unit at a substation depends mainly on the primary system
structurei.e., where the system neutral point is available. If thenrpawer transformer has
Y-connected winding on the voltage level in question andtdmgoint is connectable, the

NER unit is typically placed close the power transformer. If the main power transformer
does not cater for the connection possibility, one solution is ta ZiSseconnected earthing
transformer providing the connection possibility. Quite often the substations A@igux
power is also taken from the same earthing transformeraggicondary winding, lika
ZNyn-connected one. In caséhere a separate earthing transformer is used, it is convenient to
place the NER unit cloge the transformer. In some designs where the earthing transformer
is placed inside a cubicle of indoor mediwoitage switchgear, it is convenient to place the
NERinside theadjacentubicle.

Evyebolts for Handling Solid Steel One-Piece Top Mema 3R Enclosure
Ease

Stainless Steel Stamped

Top Wentilating Screen Grid Resistars

Standard Bottom Entry |
Exit Points with Hubs

Optional Current

Stand-Off Insulatars Transformer

Alurninurm Screen Bokkam Ground Connection

Figure 3.48 Example of Neutral Earthing Resistor with stainlesssteelresistor
elements for outdoor installation [3.20]

3.15.5.2 Earthing Transformer

As statel earlier, the earthing transformer provides connection point for neutral earthing i
cases where such point is not available withntlaén power transformer or generatorn€o
nection group of an earthing transformer single three-phase winding is nofiNallfheze-
ro-sequence impedance of the unit can be adjusted within a certain range during the desig
phase, thus providing possibility to realize a l@&ctance earthing by simply connecting the
star point directly to earth. For other neutral earthing options, ndngglympedance, res

nant and resistance earthing, the transformer is appended with necessary cobgioment
winding starpoint and earth, like NER.

The construction of earthing transformer is typically an oil-immersed otlewifng the basi
design of secondary distribution transformers.
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3.15.5.3 Arc Suppression Coil

Thearc suppression coil (ASC), also known aBetersen cail, is used to compensate thee ¢
pacitive eartkfault currents supplied by outgoing feeders at a substation. The compensation
canbe either centralized or distributed. Wilie centralized desigone ASC unit will handle

the compensation of all of the outgoing feeders. The distributed compensationnedésig
compensate one feeder with one unit, thus locating on the consumption side of the medium-
voltage feeder circuit breaker in question.

Ideal situation from the system point of view would be a compensation degree of 100%,
where the total capacitive eafidwilt current would be compensated. With distributed ASCs,
the compensation degree for the particular feeder is though kept well below 100% i order t
avoid overcompensation under all of #ystemswitching conditions affecting the feeder
length.That is,the distributed compensation sort of reduces the feseelectrical lengh from
supplied earth-fault current point of view. The current use of distributed ASCs ismieyl|

and the clear trend is towards a centralized ASC.

HV HV

MV MV

\ 3-049

Figure 3.49: Principle of centralized (left) and distributed earth-fault current
compensation

As noted earlierthe centralized ASC must compensate the capacitive-fsauitrcurrent sp-
plied by a number of outgoing feeders. On the other haistalso noted that a compensation
degreeclose to 100% would be preferred. To be able to fulfill these two conditioss]ear
that the ASC'’s inductive reactance has to be adjustaliatch the differergystem

switching situations (feedertotal length). One implementation method is to provide remote
adjustdle airgapin the ASC core. The adjustment of the gapwill affect the coil’s indut
ance. The adjustment can be performed méanuaing a crank, or it can be motorized. The
motorized adjustment enables the use of a control device performing thenedjuatitomati-
cally.
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Figure 3.50 Construction of an ASC with air gap(reactance) adjustmen{3.21]

The centralized ASC is connected between the system neutral point and egdHy tyg-
tween the neutral of a staonnected main power transformer and earth. If the powes-tran
former is deltaconnected, the earlier introduced earthing transformer can be used tdreeate

connection point.

3-051

Figure 3.51 Installation of oil-immersed arc suppression coil with externair-
cooled load resistor (on the lefthand side)[3.21]

As shown in the figure above, ASC is often installed with external loadingoredikeress-

tor is installed in parallel to AS@nd the control (switching on/off) of the resistor can lve ca
ried remotely by a dedicated controller. The purpose of the resistor @ase the resistive
earthfault current component to a level which thegmimmg feeder protection relays can de-
tect. For insulation level reasons, the resistor connection to primary crtypically done
through intermediate current transformer.
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Figure 3.52 Principle of load resistor connection to ASC
3.15.6 Shunt Capacitors and Static Var Compensators

3.15.6.1 General

The shunt capacitors and static Var compensators are introduced in the netwqnot@ im

the reactive power balance, thus giving voltage support to the system. Mostaadbed-
nected to the distribution feeders have the power factor on the inductive side, thugthey int
duce a reactive current component as a part of their load current. This reactewé cmn-
ponent does not contribute the conversion into useful pdwert stresseshe network com-
ponents, introducing additional voltage drops and heat losses.

Transfer of reactive power through the electrical system, from production tancptisn, is
mainly managed by a voltage difference. The reactive power flows from the waitagye

level to the lower voltage level. In this contetkie voltage level difference refers to a @evi

tion from the rated voltage ratios between the different system levels constitetipatih

from production to consumption. Transfer of large amounts of reactive power would Imean a
so a large voltage gradient between production and consumgéarrally, his is not the
preferred situation from the system desigioperation point of view.

As a result of the above, it is most favorabledmpensate the reactive current as close to the
consumption as possible. Bigger consumers, like industrial type of customers, do their own
compensation at their installations to avoid charges based on measured rea@iweaner
sumption.

The utilities facdhe same situation when they are charged for the distributed energy by the
usually natiowide transmission company. Therefotiee utilities have to evaluate the cea

tive power balance within their distribution network and do the necessary compenstten at
most suitable location. Another aspect to this evaluation is the voltage support freysrthe
tem voltage stability point of view.

3.15.6.2 Shunt Capacitors

The following discussion mainly relates to capacitor solutions intended for meditexge-
level applicaions, and thughey areto be installed to primary or secondary substations, or
along the medium-voltage distribution lines.
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The shunt capacitors are typically construdtedh one-phase units, and a number of units are
mounted together on a common rack. The units withimable are connected in paraltalin

series depending on the desired voltage and reactive power rating. The units themselves ca
be protected with internal fuses, external fuses or without fuses. Some desmphsce also
threephase units covering typically the lowest rated capacities within their camplege.

BT
i

Figure 3.53: Three-phase capacitor bank built out ofrack-installed onephase
capacitor units

Threephase capacitor bankse typically connected in a star-§¥ormation, with unbalance
current measurement between the banks. The unbalance current monitoring provigetmea
detect acapacitor (or blown fuse) failure within the banks. With larger banks, alsmthe

called Hbridge connection is often used. Ttarpoint of the banks can be unearthed, as
shown here, or it can be directly connected to earth.
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Figure 3.54 A three-phase star (left) and Hbridge-connected(right) capacitor bank
with unbalance current measurement

The reactive power of a capacitor is determined by its capacitdiecens-value of the ope
ating voltage and system frequency.
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Q, = 22fCU? = wCU 2 (3.29

The rated power of a capacit@ is stated in relation to its rated voltageand rated fre-

quencyf, . The reactive power supplied by capacitors varies heavily depending on the voltage
to whichthe capacitors are exposed.

The demand for the reactive power compensation varies together with lodna@ad -
tribution system switching conditions, usually one step (one capacitor bank) doegenot gi
sufficient adjustment possibilities. To cater flois adjustment, the maximum need ofnco
pensation is divided between several capacitor banks which can be switched on arad off sep
rately. The switching in and out the capacitor banks is most aftematized; a dedicated
controller will issue the opémg and closing commands to each step individually.
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Figure 3.55 Three three-phase capacitor banks in a primary distribution substation

The capacitance of the capacitor banks and the network inductancesrésomant circuit

under certain conditions. The resonant frequency can be calculated based on the network in-
ductance and the capacitor rating, thus the resonant frequency can be locae toioi-

mum disturbances. Unfortunately the network impedance is not a constant value, but will
change due to different switching and load conditions. To avoid the additional stressfor po
er transformers and the capacitor banks themselves caused by the resonatices;ditigir

units are introduced.

A filter unit includes a reactor coil connected in series with each capacitor bank. The filter
unit can be a tuned or a detuned one.

The detuned filter unit’s resonant frequerfcy [Hz] level is set to a level below the typical
harmonic frequency. Thenpedance of the filter unit is capacitive with frequencies belew
and inductive with frequencies abofie , that is the resonant point between network imped-
ances and the filter unit, with frequencies higher than cannotbe found.
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ch =
Xo (3.26
XC
Above
fic is the resonant frequency of the filter unit [Hz]
f, is the fundamental frequency [Hz]
X, is the eactance of the filter reactor cfid/phase]
Xc is the reactance of the capacitor [Q2/phase]

The tuned filter units aim for absorbing the harmonic currents that alreatyrethe net-
work before the introduction of the filter units, in addition to improving the péaotor at
fundamental frequency. Typically, each filter unit (individual step) is tuoed €ertain ha
monic frequency. Like iffigure3.55, the filter units (capacitor banks) would be tuned for 5
7" and 11" harmonic in cae the harmonics are caused hyuise rectifiers.

As mentioned earlier, the capacitor bank optimal location within the distribution tketaam
important question. For cases where the installation of the compensation capamiidrbe
required outside substation are@olemounted capacitor units are available.

Figure 3.56 A three-phase bank ofpole-mounted onephase capacitor units with
voltage measurement, primary load current switching devices ah
control box

3.15.6.3 Static Var Compensators

While a shunt capacitgerovidesreactive powecompensation in one arfew steps at mosé
static var compensator (SVC) providesa steplesadjustment range.ASVC is a thyristor
controlledreactive power compensat The compens@an range of a SVC can covethead-
justment range starting frotheinductive-sideending at the gaacitive sideDue to the ti-

ristor firing time-basedangle) control, the response to reactive load variations is very quick.
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The SVCs reaqire filtering for the harmonics produced thyemselvesthe same filters can be
adjusted to filter the harmonics produced by external sources. The above feakedhen
SVCs ideal for utility and especially for industrial applications, like steelstmg with arc
furnaces, where the following targets are to be met:

e Flicker reduction
e Voltage support (stability)
e Reactive power compensation
e Reduction (filtering) of harmonics
The types of static var compensation can be divided in three categories as:follow
e Thyristorcontrolledreactor (TCR)
e Thyristorswitchedcapacitor (TSC)
e Combination of the two typg3 SC/TCR)
Different equipment manufacturers prefer different methods to realiZ\@e Without go-

ing into the details on each of the method, one possibility is introduced in the following fig-
ure, where the TCR method is utilized.

[ Wl/XGD
RN A
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Figure 3.57. TCR-basedstatic var compensation principle

In the above figurghe firing time (angle) of thyristors in front tfe reactor determine the

amount of reactive power drawn by the reactors. If the reactive power drawnrbgche's is

zero, then the whole reactive power produced by the capacitor (filter) banke getsdrk
compensation. In other words, if the adijnent ranges to befrom -10to 0 to +20 Mvar, the

rated output of the capacitors has to be +20 Mvar and the rated output of the reactors has to be
-30 Mvar.

3.15.7 Medium-Voltage Switching Equipment

The following section covers shortly the mediwnitage switcing equipment intended
mainly for primary substation installations. Both indoor and outdoor installation altersati
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are presented. The indoor installation referhéswitching equipment used metal
enclosednedum-voltage switchgears. Main focus with the discussions is @irdimsulated
solutions.The following switching equipment will be covered:

e Circuit Breakers

e Contactors

e Switch Disconnectors
e Disconnectors

3.15.7.1 Circuit Breakers

A circuit breaker must be capable to make and break dibéideand faulcurrentghat it
might be subjected to at the specific installation. Key factors with circuit b2 glezfar-
mance are; opening (break) and closing (make) time, rated continuous carrgirgcapa-
bility, rated dynamic short circuit withstand capability, rated thermal shorttowithstand
capability, maximum operation voltage and rated operation sequence.

Earlier, the smaHoil circuit breakers were common on mediunitage indoor installations
and airblast or oil breakers in outdoor installations. Todhgse technologies have been r
placed with Sg-gas and vacuum technologiess$jas is dominating with outdoor instal|
tions, wheraswith indoor installations both vacuum ands$fastechnologiesre utilized.

Two main constructional types withrcuit breakers are the live tank breakers and the dead
tank breakers. With live tank breakeitse outer surface of the breaking chamber is not
earthed and is under primary voltage influence, thus "live." With dead tank brahkevster
surface of the ieaking chamber is earthed, thus "de&@kad tank breakers are generally only
available for outdoor installations from 33 kV upwards.

f‘J. .Ivr ’-. -

Figure 3.58: On the left a 66kV live tank breaker and on theright a 66kV dead
tank breaker with bushing current transformers

The circuit breakers for outdoor mounting are generally fixed ones, agtbecbreakera
tended for indoor use, as a partdtatenclosed switchgears, are generally mounted on a
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truck, although exceptions exist, like ABB’s Compass conceptgasinsulatednetat
enclosednedium-voltage switchgear solutions in general.

Figure 3.59 Indoor-mounted 24 kV vacuum-type circuit breaker on a truck

The atuating system, operation mechanism, is the unit within the circuit breaker that supplie
the power and movement for the primary contacts to close or open. Dependin@an the
extinguishing princife the breaker utilizes, the needed power is different. With modern d
sign Sk and vacuunbreakersthe power need is relatively low. There are a number ofrdiffe
ent actuating systems available. The choice between systems depends ondagoap phe
breaker type and reliability as well as maintenance inteeeplirements. What is common for

all the actuator systems is the demand fiasaresponse to control commands and tha-cap
bility to store enough energy for the breaker to complete the specifieatiopesequence

without recharging the energy storageTollowing actuator types are commonly available:

e Charged spring operation mechanism (spring)
e Pneumatic (compressed air)

e Hydraulic (compressed air)

e Hydraulicspring(Metallic spring bellows)

e Magnetic (capacitor)

Means of storing the energy with differeadtuator types is shown in the brackets.

The control of the actuator within a circuit breaker is carried out by utiledecjrical com-
mands, either locally or remdye The electrical signal activates the shunt trip or closing coils
that in turn will ativate the actuator, either closing or opening the breaker. Norraktya
mechanical control of the actuator to open the breaker is provided locally at ther Jihesik

is, the emergency trip. The traditional shunt coils can be replacednvélectraic circuit for
actuator control. The important breakers, like the main power transformersieaitine

higher distribution voltage levels are often equipped with duplicated tripping coitsrer ¢
sponding electronic circuits.

For outdoor installations ith avoltage level of 66 kV and up, the modern technology pro-
vides a possibility to combine the functionality of circuit breaker, disconneatioeathing
switch into one physical component called disconnecting breaker. The bireaikier co-
struction has been modified to fulfill the disconnector requiremenktgeimpen position. The
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earthing switch is separately mounted on the same disconnecting breaker umi¢ocked
with the main contacts position.

Figure 3.6Q 66 kV Disconnecting circuit breaker with earthing switch

The fast and reliable operation of the circuit breaker is of paramount impeftarthe con-
plete distribution system. Therefore the operation of the breaker is aneslioredby the
protection and control systemhat is,the IEDs and the uppéevel systems. The modern
IEDs are typically monitoringhe following issues:

e Trip circuit continuity (both in open and closed positions)

e Breaker travel time (IED for fixed limits and pgr-level systems for trends)
e Breaker stress?i, in the view of maintenance intervals)

e Breaker’s response to trip commands (breaker failure protection)

e (Gas pressure or density in case of ype of breakers

e Actuator’s energy storage charging current, like motor current with charged sp#i
eration mechanism

Switching reactive loads, like shunt capacitors and unloaded power transformneos, c
sometimes a source for undesimervoltages or overcurrents. To overcome this probdem,
device for synchronized switching can be introduced. This deviceaatdinate the bréa
er's control commands to perform the operation at the most advantageous timerafdtie s
dal voltage waveform. With thrgghase breakersne of the phases is monitored by tke d
vice and the other phases have a H&@ree mechanical delay in their operation, thus the
breaker has to be specifically tuned for this kind of operation.

3.15.7.2 Contactors

Medium-voltage contactors are used instead of circuit breakers typicatigustrial indoor
metal-enclosed switchgear applications up to 12 kV where the switching frequency is very
high, like certain motor feeders for pungrsdfans. The contactor is eithére vacuum type
or the Sks-insulated one. Sind&e contactor canot handle (break) the higault currents s
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sociated with faults like short circuits, it is normally equipped with series HRSS fifghe
primary device, like motor, requires overload protection, the feeder in question can be
equipped witha suitable protection IED. In such castse IED protection functions’ settings
will be coordinated with the contactarbreaking capability and the protective fuse characte
istics.

Figure 3.61: A 12 kV vacuum-type contactor-mountedon a truck

3.15.7.3 Switch Disconnectors

The switch disconnectors, also called load disconnectors, are usedsitked or truck
mounted switching devices metatenclosed indoor switchgears. The switch disconnector
has a rated breaking capacity up to its rated nominal cutinanis,the maximum load cu
rent and it provides visual separation point fulfilling the requirements for isolaticemdist
The making capacity normally corresponds to the short circuit rating oivitelhsThe switch
disconnectors can be eithar-insulated ogasinsulated ones. The unit can be further e
panded with series HRC fuses and with line-side earthing disconnector.

Figure 3.62 An air-insulated indoor switch disconnector with fuses fofixed
mounting

The operation mechanism is typicallytb&é charged spring type, where the energy needed for
closing or opening operation is manually charged into the spring. The closing or oggening
guence is initiated using local mechanical control. diecan be equipped with electrical

trip shunt coil, enabling remote opeimg control of the main switch.
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3.15.7.4 Disconnectors

Disconnectors are mechanical switching devices which provide an isolatagaand a
visual separation gap the open positioriThey are capable to open or close a circuit if both
thenegligible current is switched and there is no significhifférencein the voltage between
the terminals of the poles. Currents of negligible quantity have val0gsA; examples are
capacitive chrging currents for bushing, busbargdconnections, very short lengths of cable
and currents of voltage transformessconnectors can carrgtedcurrents under operating
conditions continuously and under abnormal conditions, such as short tiasedt,on their
rated short circuit withstamy capability Since the disconnectors are not designed to break
or make current, they have to be interlocked with primary switching equipnkentjricuit
breakers, that are capable of making or breaking current. The interlocking caltizezire

with electrical or mechanical interlocking, or a combination of both. Eaalmymmon pra-

tice was to employ overall substatiaiide mechanical interlocking schemes, like a system
called "castlekey" interlocking. Todaya common practice is to use overall electricalrinte
locking schemes, supported by mechanical interlocking betweemwitoling equipment
mounted orthe same physical construction.

The classic design is thaife contact(singlebreak) disconnector, as shown in the following
figure.Other designs intended mainly for outdoor use exist, like double break, camjés-
break and pantograpm inediumvoltage indoor switchgear installatigrise needor se-
rate disconnectors has become less common witincheasig use of withdrawable circuit
breakers and switch disconnectdfsth gasinsulatedswitchgears and outdoor installations,
the disconnector is stidlvery common component.
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Figure 3.63 Medium-voltage indoor knife contact disconnector

Disconnectors can be actuated manually and, in remotely operated installatiomtobor
compresse@ir drives. Earthing switches are used for earthing and short-circuiting de
energized station components. Earghéwvitches can dheir rated short circuit withstaraair-
rents under abnormal conditions, such as a short circuit, but they are not requiregl¢orear
tinuousloadcurrents.The earthing switch can be also equipped with sprivayged closing
device making it capable of making fault currents, like in a case wheresttieing switch is
closed against an enezgd feederln general, earthing switches are combined with tha-adj
cent disconnectorsr switch disconnectors to form one unit. However, eartbnwitgches can
also be installed separately.
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1 Rotating base

2 Frame

3 Post insulation

4 Rotating head

5 Contact arm

6 High-voltage terminal
7 Mechanism

8 Earthing switch
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Figure 3.64 On the left a centersingle-break outdoor 66kV disconnector with
earthing switch and on the right a doublebreak outdoor 66 kV
disconnector with eathing switch

3.15.8 Induction Machines

Induction machines, also called asynchronous machines, can be used as genenators.or
Induction machines can be either of one or three-phase construction. The followirsgidisc
focuseson the thregghase machines drheir properties. Bulk of the applications for three-
phase induction machines are with power ranges varyingdifem kilowatts toa few hun-

dred kilowatts with rated voltages belovkYt. The range can be extended roughly up to

20 MW with rated voltages up to 15 kV. The simple, robust and low loss construction of an
induction machine has contributed toutsle-spread success in different applications.

Figure 3.65: Examples of induction motors of different size. The left one is a 400
15kW squirrel cage motor and the right one is a &V, 5 MW wound
winding rotor motor with slip rings

The stator has basically the same construction as with synchronous maclnsrfesl. ity
threephase alternating current providing rotating flux. This flux rotatesratisgnous speed.
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Where
f is the network frequency [HZz]
p is the number of the poles in the machine [1]
n is the synchronous speed [rpm]

is the synchronous angular velocity [rad/s]

The rotor is a threphaseshortircuited wnding. This winding can be a normal wound wind-
ing or it can be done by casting aluminum "cage" windings into the slatanmnated iron
rotor construction. In the earlier cagas referredo as "wound rotor machine," and in the
latter caseit is referredto as "squirrel cage rotor machine."

The rotating stator field induces a flux in the rotor windings. Since the rotor windreg
shortcircuited the induced flux will create a current in the rotor. This current will produce a
flux of its own, oppsing the flux that created it. As a restifiere will develop a torque on the
machine shaft. When the developed torque is higher than the resisting loadttequa;

chine stato rotate as a motor.

During operation, under no-load conditions, the speed of the rotor is very close to-the sy
chronous speed, thus the currents induced in the rotor will have a low frequency. The rotor
currents will have a frequency corresponding to the rotating speed differéweebatator

field and rotor (shaft). This dérence is referretb asslip. Normally,the slip is stated in rai

tion to the synchronous speed i.e. relative slip (s).

Ao o,-o ng—-n

s (3.29

nS

S

,

s ,

S

When the slip is positive, the machine is working as a motor, and when it is neteatine-
chine is working as a generator. The slip is often given as percentagesyalue

s, =100x 21 —100x =N
n n

S S

(3.30

The name "induction machine" comes from the fact that the induced voltage in theinotor w
ings is due to the rotating stator field, wheesthe term "asynchronous machine" refers to the
fact that the rotor is always rotatiaga different speed than the stator field.

The performance of an induction machine can be studied based ophasgeequivalentei
cuit.
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Figure 3.66: Equivalent circuit of an induction machine

Above
U, is the phase voltage [V]
l, is the phae current [A]
R is the stator resistance [(2]
Xys is the stator leakage reactance [Q]
X, is the exciting reactance [€]
I is the exciting current [A]
U, is theair gap voltag¢V]
R, is the reduced rotor resistance [Q]
Xis is the reduced rotor leakage reactance [€2]
4 is the reduced rotor current [A]

The reduced rotor current flowing throutte slip-related rotor resistance component de-
scribes actually the mechanical power developed at the rotor shaft at each operatio-

so the rotor leakage reactance value is depending on the slip, since the rotorregquencl

is depending on the slip. Under light load conditions the significance of the rotor leakage r
actance is negligible, but the situation will change as the load, and slip, @xreas

Without going further into the induction motor thepitycan bestatel that the above equav

lent circuit gives the basfor studying motor performance under different conditions. As a r
sult, a typical torqueversusslip characteristic of a thrgghase induction motas presented

From the below figureat can be seen that when the load torggpiirement rises, the slip-i

creass until a point of equilibrium is found. The torque can be increased until the breakdown
torque point is reached, and sliding on the left hand side of this poina eatfistantoad

torque would mean stopping of the motor. It can be also noted that the starting torque is muc
less than the maximum, breakdown, torque. Also the rated torque of the motor is below the
maximum, at least by a relation ab1
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Figure 3.67. Torque as a function of slip with a thregphase induction motor

The shape of torque curve is heavily dependent on the stator resistance. Byothdesigh it
is possible to affect the rotor resistance in order to form the torque curvelsaiva desired
shape. Thedilowing simplified equation of motor torque, describes the dependence:

T, =32 (3.3)

So,

At the motor startingthe slip is equal to 1, so the starting torcgu& [Nm]:

_ 2R
Ty =3l o (3.32

S

Increasing the rotor resistance incredbe starting torqueandthis lowers the torque curve
gradient between no-load and breakdown torque points. On tiiehathd the rotor e-
sistance does not affect the maximum, breakdown, torque value.

This phenomenon is utilized with induction motors having wound wintlipgrotor with

slip rings. External variable resistance is connected to the nonesfooiited rote windings
using the slip rings. By adjusting the external resistahiepossible to increase the starting
torque, lower the starting current and within certain limits to control the moted spke
drawbacks are the losses in the external resigtautetl speed adjustment range, speedavari
tions with variable torque (load) and more complex structure of the motor.
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Figure 3.68: Torque and starting current as a function of motor speed with a slip
ring induction motor [3.21]

The above figure describes the behavior of torque and starting current asanfahmotor

speed with a wound type of rotor winding using different values of the externaleotor r
sistance. Torque and curtamurves (T&C) from 1 to 4 refer to different resistance value, i

dex 1 having the lowest value and index 4 having the highest value. From the figurd-it can a
so be seen that if the motor in question is loaded with its rated torque, the speed/aaad
roughly between 75 to 95% of the synchronous speed by adjusting the rotor resistance.

Other possibilities to control the rotation speed of the motor are double stator wiawihgs
frequency control.

Introducing double windings inside the stator actually gives the posstbiliiyoose, by»e
ternal switching, the number of poles out of two options. As learned etiréetymber of
poles determines the synchronous speed of the motor.

Another factor that has a direct impact to the synchronous speed is the frequencgsiThe m
typical way nowadays to control the motor rotation speed is by adjusting therfogqu

U 1V 1w 2U 2V 2W

1IN

Figure 3.69: Terminal markings of double-speed(double-winding) induction motor;
Higher numbers refer to a lower number of poles, thusa higher
synchronous speed

The starting current during direct starting of an induction motor varies ased loe the @
chine properties and size. As some kind of a guiding prin@piange from 5 to 8 times the
rated currentan be used. As we already learnibe adjustment of the rotor resistance by e
ternal resistors is one way to handle the situation, but this can be applied onlydisirrema
with slip rings. Other means to cope with the situation are star/dmitengt soft starters and
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frequency converters. Whichevaethod is chosemheeffect to the starting torque with fre
erence to the actual load has to be taken into account.

Stop
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Figure 3.70: Star/Delta induction motor primary and control circuit
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The star/delta starting method is quite common leirvoltage squirrel cage induction mo-
tors when connected trelatively weak supply network. The motor is started with the stator
windings asstarconnected and afté@rhas reacédits rotating speed (time delay) the coane
tion is automatically changed to delta. Using this mettiagstarting current can be lowered
to a level of approximately two times the delta connection rated current. Edbalktarting
torque is ¥4 of the delta connection rated starting torque.

As noted earlier, the induction machine can work as a motor or as a generdiayeléitator
applications, the slip is positive, ithe prime mover rotates the generator slightly above the
synchronous speed. The active power production is adjusted by controlling the prime mover
torque, thus adjusting the slip. The reactive power needed for generatati@xc# taken

from the network and can be compensated locally with a capacitor bank. The sliagpe of t
torque curve is similar as with motor applications. The control features of aniamdgenhe-

ator can be significantly improved using frequency converters in betweentgeredne

work.

3.15.9 Synchronous Machines

Synchronous machines can be used as generators or rit&ysare of thre@phase construc-
tion, even though some special exceptions can be féubhdlk of the applications are with
power ranges roughly varying from a megawatt level to several tenthgefphandreds) of
megawatts with rated Wtages from XV to 15 kV. Special designs tfe HV synchronous
machines have aldmeen introducewhose rated voltages can be of several tenths of kilovolts.

More complicated construction, control and protection demands of synchronous maghines r
sultinghigher unit costs limit the use of synchronous machines on lower output power levels.
On the other hand, the excitation control feataegsrfor more flexible means of operating

the machine witlihe optimal reactive power flow according to the networkddmons.
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Figure 3.71 Reciprocating compressor motor 24 MW

The armature winding is commonly placed in the stator whose constructiothéstbfee

phase design and quite similar to asynchronous machines. The field winding is plaeed in t
rotor whose design is quite different from the ones in asynchronous machines. Twatdiffere
basic designs can be separated, namely round or cylindrical and salient pole. The ogund o
lindrical designs are used in maoés operating on high speed, wiasthe salient pole et

sign is used in machines operating on slow or moderate spéguical example of slow
speedapplications is a hydro power plant generator, wdsaiesteam turbine generator would

represent an exangbf highspeedapplications.

a) Field
ie
s/ winding
Flux
N-turn ’ paths
armature
winding

Figure 3.72: a) salient pole rotor b) round or cylindrical rotor
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The rotor is excited through the field winding with a DC-power source. In motor aiphs,
the excited rotorotates accordintp the speed of the thrgdrase ACfield in the stator. In
generator useéhe prime mover rotates the excited rotor generating an emf to the stader win
ings, whose magnitude and frequency correspotiaetexcitation power in the rotor and the
rotating speed of the prime mover. Under normal operation condititensytating field in the
stator and rotating rotor remain in synchronism. Unlike with asynchronous mac¢hme$
ference slip between rotor and rotating field speed in stator indication of abnormal op-
eration situation and must be deaith immediately. The synchronous speed[rpm] is giv-

en by equation (3.33)elow.

N = 120f (3.33
S P
The gnchronous angular velocity, [rad/s] is given by equation (3.34)
o, = Anf (3.39
p
Here
f is the network fregency [Hz]
p is the mmber of poles in the machine [1]

Some synchronous machines rely on brushes for delivering thmuB€ént to the rotor fone
citation.A moremodern solution ishe secalled brushless design, where the neededep@y
transferred to the rotor by induction and the rectifying takes place in trateatif. For some
applications, like for really low rotating speeds, the solution utilizing permanagets in
the rotor is suitable. For generating the power fortaiion purposef2MGs are commonly
used. PMG stands for Permanent Magnet Generator. The PMG works as a pildbgenera
connected to the main generator’s shaft, supplying the power for the main geseratia-
tion.

@00 06060 6 @ Field
Exiter AC generator @ Armature
—P ey —P—
presSemm———— ® @ Rectifier bridge
Y @ Varistor
; _ ] @ Rotor
. Rotating parts ___ @ stator
@ PVG
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L —] — @

® | @ AVR
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Figure 3.73 Synchronous AC generator with PMG excitation
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With a single synchronous machine running as generator, the control of the outpwt igoltag
carried out by controlling the excitation. Increased excitation curndmesultin ahigher
output voltage, and vice versa. The frequency control of the output voltage id catriey
controlling the running speed of the prime mover.

When the generator is connected in parallel to a strong network, excitationl cbatiges

only the reactivgpower output of the generator. Aicrease of the excitation current make

the generator produce more inductive reactive power, thus compensating the inductive loads.
A decrease in excitation ultimately lesatba situation where the generator startshisoab in-
ductive reactive power from the network. This situation is referred tondeexcitation™

and is not a normal operation mode of the generator.

The increase in prime mover’s torque iganincrease the rotation speed of the generator,
since it iselectrically coupled to the strong network. Insteashcreasethe active power
output of the generator. If the prime mover torque is decreased below the leveling rota
losses of the generator, the generator starts to work as a motor trying tthefaiene me-
er with the synchronous speed. This situation is referrad teverse power operation. The
reverse power operation is harmfolthe generator and alsothe prime mover, thubesitu-
ation has to be recognized by the protection relays.

The following figure shows an example of synchronous generator’s capabitiiesoastra-
tional limitations for operation under different conditioAsaormal operation is carried out
overexcitedinjecting reactive and active power to the network.

Reactive power
into system Rotor

winding
limited MW
+MVAR —
> | System
MVARS
Overexited Stator Normal overexited
/winding operation
T limited
+MW
0 Real power
into system
l Minimum
Underexited| exitation M
limiter System
-—
MVARS
-MVAR Steady-state
stability limit Underexited
operation
Reactive power ﬁg?]t?irnﬁ?edd
into generator 3074

Figure 3.74 Synchronous generator capability curve

When a synchronous generator is started, it is speeded up with the prime moverttiese t
network frequency and the excitation current is applied to nd&stominal terminal voltage.
After this, the automatic synchronizer takever the actual network connection procedure.
The synchronizer adjustse excitation current so that the generatterminal voltage male
esthe network voltage. The synchronizer atbecls the phasing and adjusts the prime mover
speed to match the generator frequency with network frequency. In fagtntheaizer d-
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justs the generator’s frequency to climb towdahdnetwork frequency and clostee breaker
when the frequencies Y met buthegenerator frequency is still climbing. This is to ensure
that the generator starproducing active power right after network connection has taken
place, otherwise the reverse power protection relays would disconnect theayenamathe
network.

The construction af synchronous generator and motor are basically identical, except regard-
ing the external connectioriBhe ynchronous motor is not synchronized against the network
in similar ways as with the synchronous generaiiesimplest way to connect a synchro-

nous motor to the network ke secalled Direct OrLine (DOL) starting, where the motor is
started as an induction motor. The motor is "pulled” into the network with approximately 5%
slip. Figure3.75 describes other starting methods too. The selection of the starting method
depends on several criteria, like:

Required load torque during starting sequence
Voltage drop in the supplying network during starting
Permitted starting time (thermal stress to rptor
Number of starts in a time period

\ \ \|\\ \l

\}— ___\E_

DOL Reactor  Auto- Capacitor Reactor Frequency
transformer and converter
capacitor 3075

Figure 3.75 Different starting methods for a synchronous motor

The @pability to control the reactive power outpuadynchronous machine becomes a
handy feature atsin motor applications. By controlling the excitation of the synchronous mo-
tor, it is possible to compensate the variable reactive power needs in an ihgdlssttjahus
minimizing the need of additional compensation devices.

Special application of a sghronous motor is a setup where the motor does not supply any
active power from its drive shaft, but it is used only to inject reactive power intottherke

This kind of synchronous machine is called synchronous condenser. Today, the synchronous
condesers are replaced with SVC devices, as explained in S&cfibr6.

e Brushless synchronous machines

e Excitation / reactive power / voltage control

e Prime mover / active power / frequency control
e Permanent magnet motdqgenerators
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3.15.10 Distributed Energy Converters

The development of power electronics has alsole possible a large variatiyapplications
where the power converters play an essential role. With convéhierlectric power is tran
formed from one form to another. Thasic conversion is from AC to DC (rectifier) or from
DC to AC (inverter)A frequency converter combines these two basic conversions.

The converters are becoming more common devices also in power distribution systéms due
the increasing amount of smdliktributed generation (DG). DG is in many cases based on
energy sources that are inherently DC sources, e.g., fuels cells or photq®faim order

to feed the power from these kinds of sources to the grid, an inverter is always needed. Con-
verterbasedyrid interfaces are also necessary in wind power generation systemshehse

called variablespeedconcepts are being used. Allowing variations in wind turbine speed
means an increased efficiency as well as decreased power fluctuations.

Depending on the size of the generating uhé,inverter may be either thrpbase (seEig-
ure3.76 or singlephase. Furthermore, the inverters are divided into two classes: line-
commutated andelfcommutated. Lincommutated inverters abm®sed on thyristors and

thus they are the simplest and the least expensive inverters [3.1]. On the othéndand,
commutated inverters produce a large amount of harmonics and require also stine rea
power supply from the grid.Rerefore this technology is nowadays applied only in very large
units, for which there is not yet suitable sedimmutated designs.

K JG L%
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Figure 3.76 Three-phase IGBT inverter

In the sefcommutated inverter circuitthe power electronic devices from the category of
controllable switches are applied. This means that these devices can be turned on bapd off
an external signal. Devices included in this category are, e.g.-oxélal semiconductor
field-effecttransistors (MOSFET), gate tuaif thyristors (GTO) and insulated gate bipolar
transistors (IGBT), the last one being the most common in new applications. [2]

The switches of the setfommutated inverter can be controlled applying different control
schems. One of the most common is the PWM (pulse width modulation}hbwecalled
vector control schemes are preferred when rotating machines are involved.

From the network point of vievihe key characteristics of the invertesed generating units
are réated to the power quality and to the network protection issues. Depending @a the d
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sign, inverters produce various amounts of harmonics. THuisble filters must be accom-
panied. However, modern switching schemes of@®mltfiimutated inverters also inckidn ac-
tive filtering function, which means that the inverter can also be used to actarelgl out
the harmonics in the network. The reactive power output from the@®ifrutated inverters
can be adjusted independently frtme active power so that hean also be used for main-
taining the reactive power balancenoitigatingthe network voltage fluctuations.

From the network protection point of view, one iseelated tanverterbasedsmaltlscale
generation is that these units are typically not capebproduce any significant shartcuit
current. IEC standard [3] assumes that the shiantit current is three times the rated current.
However, in many cases the maximum fault current is limited to about twice theusatsut c
in order not to damaggthe sensitive power electronic components. This aspect must-be co
sidered when designing the systewercurrent protection.
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3.16 Instrument Transformers and Sensors

Instrument transformers and sensors are used to provide a secondary signplapatt®n-

al to the actual prevailing primary value. These signals are used to supply noeamsirnn
ments, meters, relays and other simégparatuss The primary values measured are system
currents and voltages. The secondary signal available has to fulfilidweing criteria:

e Standardized nominal value
e Minimum ratio and phase displacement errors

e Capability to supply the power needed by the secondary protection and measurement
devices

e Necessary insulation level against the primary circuits

e Predictable perfenance under primary system normal conditions and specially under
abnormal conditions

The detailed demands for the secondary signal behavior are depending on whethedit is us
for protection or measurement purposes. In measurement circuits, the key iequedsice

a secondary signal that is following the primary value as correctly as gosgdylthe whole
normal load range of the installation in question. Wagwneth protedion circuits, the empd
sisis in the capability to follow the primary vafsedynamics as high (or low) as possible-du
ing power system faults and disturbances.

Since the protection and measurement circuits have different demands fatiiheaent
transformers’ secondary signal behayibrs obvious that these demands carrenet with

a single secondary output from the transformer. One solution of course would be toanstall
tally different transformers for the two different applications, but this would npobssible

from the economical and space requirement point of view. So, the solution is to provide one
transformer with several secondary cores suitable for different purposgfizera sensor
measurement technique. These two different approaches will be covered in rabia thet
following.

3.16.1 Magnetic Current Transformers

The primary winding is a part of the network, carrying the actual load curteatrdnsfom-

er's secondary circuits usually consist of several units, each of them hawivgni magnetic

core and winding. The transformer has a rated current transipratio, like for example

200/1 A, stating the rated primary current and the corresponding rated secondarly tius

often desired that the transformer should have multiple ratios. This can medhdhabme

of the windings have more than one ratio from which to choose. The selection of the desired
ratio can be donen site and changed later if so needed. For doing current transformers with
multiple ratios there are two possibilities, namely primargaenectable or secondary re-
connectable.
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Figure 3.77. Secondary reconnectable (left) and primary reconnectable (right)
current transformer winding presentation

Primary reconnectable means that the primary circuit connection has to be chiarthadge
the ratio. Usually only two connection alternatives exist having aghfidl. An example &
low:

e 200-400/1/1A

The ratio can be selected to be either 200/1 A or 4@0The selection affects all the seden
ary windings. The secondary core da&egeptfor the ratio, remains the same wiéttherof
the ratio selections. The underlined value shthe@spresently utilized ratio.

Secondary reonnectable means that the ratio can be chamgetilizing tappings in each of
the secondary cores. More than two ratio alternatives can exist, with uneven naoamA
ple below:

e 600/1+200-300-400/1/1 A

One of the cores (600/1 A) is having a fixed ratio, waswath the two other cores the ratio
can be selected by means of a secondacpmeection. The seadary core data will change
along with the ratio selection. The underlined value shows the presently utilivedaviare
theselection possibility exists.

Metering

\
&
T

3-078b

Figure 3.78 A 66 kV outdoor-mounted oil-insulated one{phase current transformer
with three secondary cores



Distribution Automation Handbook (prototype) 1IMRS757959
Elements of power distribution systems 68

.. medium voltage terminals

.. primary  winding

.. magnetic circuit

.. secondary winding

.. epoxi body

.. secondary outlets

.. base plate

.. cover of secondary terminals, used for
outlet sealing

D=~ DO WA

Figure 3.79 A 12 kV indoor epoxy resin-casedonephase support current
transformer with two secondary cores

With an ideal current transformer under shortuitedconditionsthere is always a balance
with the ampere turns, meaning that the product of primary current and primaiggvurns
equals the product of secondary current and secondary winding turns.

[, xN; =1,xN, (3.35)
4 N4
U IVAVANE
I?_ szN2
)
Error! Bookmark not defined. - Burden -

Figure 3.80Q Principle presentation of a magnetic current transformer

The behavior of current transformers and the conformities to basic elelzvis carbe
demonstrated by the use of equivalent circuit shown below.

3-081
Figure 3.81 Equivalent circuit of a magnetic current transformer
From the above equivalent circuttcan be seen that withnonideal trarsformer there are

always some errors included in the measurement. These errors are maietiylmatie exe
tationcurrent (le) andhe load current £), which introduces both ratio errors and angle errors
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between the reduced primary current and the hsatndary current. It can albefurther
observed that if the CT secondary side isdetn-circuited (infinite burden connectetie
whole primary current starts to excite the, @sultingin overloading and induced dangerous
voltage in the secondaterminals.

The detailed core data describes the core performance with respect to the intehciad app
tion. This data can be expressed according to tjnedof one of the several international
standards, like IEC, British Standards or IEEE. The following is based on therdsapda
vided by IEC [3.14].

The issuas approached through an examgiiés assumd herethat a thregohase current
transformer set, havinpe below shown data labels, is used for energy measurement and
overcurrent protection.

200 — 400/1/1A
1S1-1S2 5VAcl.0.5 Fs5
1S1-1S3 10VA cl.0.5 Fs5

251-2S2 10VA 5P10
251-2S3 20VA 5P10
12/28/75kV 50Hz 40(1s)/100kA

200-400/1/1A

The transformer has dugdtio re-connection (from secondary) possibilities and two second-
ary cores. The rated primary curréneither 200A or 400A. The rated secondary curigent
1A. If not otherwise stated, theaximum continuous allowed primary current is the same as
the rated primary current. In some ca#ais specially stated that the maximum allowed-co
tinuous current is for example 120% of the rated primary current.

1S1-1S2 S5VA cl. 0.5Fs5
1S1-1S3 10VA cl. 0.5Fs5

The first secondary core is for measurihge ratio selection between 200/1A and 400/1A is
madeby the secondary reonnection. Connection between 1S1 and di8@sa ratio of
200/1A wheras1S1 and 1S8ivesa ratio of 400/1A.

The accuracy class this measuring core is® To comply with this accuracy claske
transformer has to fulfill certain requirements regarding current anw phase displacement
error as shown below. These limits apply to secondary burdens between 25-100%tetithe ra
burden.
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Figure 3.82: Current transformer measurement requirements for classes.8 and 0.2
according to IEC standards. Plotted lines show the behavior of the
transformer used in above example

The secondargated burdemf the measurement core is changing according to the used sec-
ondary re-connection (tapping). With the highest ratio (400/1A) the rated burden is 10VA and
with the lowest ratio (200/1A) the rated burden is 5VA.

Theinstrument security factoF§)describes the transformsrsaturation with rated primary
current multiples. This is an important factor for securing the capabilityeafonnected
measuring devices to withstand the injected currents during power syste&snRamary cu
rent of manitude five times (Fs 5) the rated primary current caassombined error @it
least10%. The protective feature for measurement devices is the better the looezitie
rent limit factor is. It should be further noticed that the giweercurrent limit factor value
applies with the stated rated burden and is subject to change if the actual bdedgifirdih
the ratedburden.

o 2S51-2S2 10/A S5P10
e 281-2S3 20/A S5P10

The secondecondary core is for protection. The ratio selection between 200/1A and 400/1A
is madeby the secondary reonnection. Connection between 1S1 and di$@sa ratio of
200/1A wheras1S1 and 1S8ivesa ratio of 400/1A.

The secondary rated burdehthe measurement core changesording to the used secondary
re-connection (tapping). With the highest ratio (400/1A) the rated burden is 20VA dnd wit
the lowest ratio (200/1A) the rated burden is 10VA.

The marking 5P10 is a combination of two things, namelyabeuracy clasef 5P andaca-
racy limit factorof 10. The complete marking 5P10 indicates that the composite error will not
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exceed 5% with ten times the rated primary current wihemated secondary burden isi€o
nected. The accuracy limit factor chasge relation to the actual connected burden. ker e
ample, if the ratio of @0/1Awasused and the total connected actual burden, including all
leads and connected devices, W&YA, the accuracy limit factor woulthen result as fo
lows:

i—g x10~ 133 (Actual accuracy limit factor)

If the ratio of 200/1Avasused instead, the actual accuracy limit factor would be:

i—g x10~ 6.7 (Actual accuracy limit factor)

12/28/75kV

12 kV is the highest voltage for the equipment (RMS value). 28kV is the rated fpewer
guency withstanding voltage (RMS test value). 75kV is the rated lighimimglsewithstard-
ing voltage (peak test value).

40(1s)/100kA

This states the short thermal current withstandengl being 40kA/1s (RMS) and the dyna
ic currentwithstandng level being 100kA (peak value).

3.16.1.1 Measurement of Residual Current

The measurement of the residual (earth fault) currents on a distribusitemsfeeder can be
done bythe secalled summation connection, where the three current transformers, one in
every phase, are connected and the summated current is brought to thefiaputarth fault
protection relay. This is a convenient method for cases where the level oftthiaekicu-

rent is relatively high, i.e. directly earthed systems. When the level ofuhedarent to be
measured starts to decline heavily, the meament sensitivity and accuracy that can be
reached with this summation connection is no losgéicient. The measurement accuracy is
affected by the fact that the three different current transformers, evernimiidr €ore data,
start to introduce diérent kind of errorsvhenit comes to ratio and phase displacemené-Th
se errors are summated together in the summation connesttbm the worst case they are
cascading on top of each other. The sensitivity is affected by the factithetttransfaming
ratio of the phase current transformers is mainly selected based on the maaaduwom-

rents, wherasthe anticipated earth fault currents can be only some fractions of those.

To overcome the accuracy and sensitivity requirements with low eartltfeuéntsa cable,
also called a windowype, current transformer can be utilized. Following figures describes
the installation.
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Figure 3.83 Cable CT and a typical installation

In the figure abovea cable current transformer is utilized for measuring the residual (earth
fault) current of an outgoing thrgdtase cable feeder. The CT type used is a one that can be
installed even after thmedium-voltage power cable installation is done, by opening tle bol
ed connections and separating the CT into two parts. It is important to notice thatlitweme
voltage power cable screen earthings are drawn back via the CT’s window beiueetow
them to the earthing ba@imilarly, it is important to notice that a separate "escort earthing"”
wire is installed alongjdethe power cabldat may not pass through the CT’s window.

The suitable currerttansforming ratio of the cable current transformer is depending on the
actual anticipated earth fault current levels. As an exarti@aatio of 70/1A is commonly
used for earth fault protection in Finland with unearthed and resonant earthed sybems
cable current transformer can also have several ratios by utilizing difteppirtgs in the
secondary side, as skio below.

Turns l 10 20 70 50 (L (L 20 J) Test winding
O O o}
51 S2 S3 S4 S5 Pix P2x 3-084

Figure 3.84 A cable CT with several ratio possibilities

When the earth fault protection relay is connected to a certain secongangtapthe CT,
the remaining tamings should not be shortethis applies also to the test windingpeyys.
On the other hand, if the cable CT Isaveral cores utilizing separate iron cores inside the
CT, each of the cores haseitherbe connected to a secondary devicshmrtcircuited and
earthed.

3.16.2 Magnetic Voltage Transformers

The primary winding is affected by the actual network voltage at everyirdtéime. This
primary voltage value is then converted to a secondary voltage value based cedthetrat
agetransforming ratio of the voltage transform&he most common connection of thetvol
age transformer is between each phase angrthund separately (single pole), thus the value
measured is the phateearthvoltage value. In certain applications, the connection between
phases (double-pdlés alsoused. The third variant would be a three-phase unit vihere
threephase units are in one physical enclosure and the phases -@anstcted against

earth. Like with the current transformers, a number of separate secondargreounsed for
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measuring ad protection purposes. It is also possible to use one core for both measuring and
protection. Unlike with current transformers, the voltage transformers ngroagtr for one

fixed transforming ratio, and special designs with double transforming catdse employed
based on the individual application needs. The rated secondary AC voltage levels &re usual
either 100 V or 110 V, though also others exist, mainly in countries timel&NSI standard

influence.
A N

1a 1n 2a 2n

Figure 3.85 Representation of a singlgole (on the left) voltage transformer with
two secondary cores and a double-pol@n the right) with one
secondary core

o
==

The nost common type of a voltage transformettloadistribution side is a set of threm-
gle-poleones having two separate cores, namely thecstamected one for measuringpu
poses and the brokeateltaconnectedne for residual voltage measurement.

Measuring

3-086

Figure 3.86: A set of three singlepole VTs having two secondary cores

The secondary circuits ofwltage transformer have to be protected with fuses or miniature
circuit breakers. These protection devices should be mounted as close to the \arage tr
formersas possiblelf there is a loadasistor connected to the open-delta core of the voltage
transformer for damping oscillation caused byfdreoresonanc@henomenon, the resistor
has to be connected to the voltage transformer side of the secondary circuitoprotedtce.

The ferroresonangeghenomenon, referred to in the previous paragraph, is due to the reso-
nance circuit formed by the singt®le VT inductance to earth and the unearthed system c
pacitance to earth. This resonance circuit can cause oscillations resuteading, andinal-

ly damaging, the voltage transformers. To damp down these oscillatitoas] resistor is
connected across the opéelta winding. These problems are most likely to occur in un-
earthed systems with minimum feeder length connected.
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Figure 3.87. A 66 kV oil-insulated outdoor-type one-pole magnetic voltage
transformer

.. medium voltage terminals

.. primary coil

.. magnetic circuit

.. secondary wincling

.. epoxi body

.. secondary outlets

.. base plate

.. cover of secondary terminals, used for
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Figure 3.88 A 12 kV indoor epoxy resin-casedone-pole magnetic voltage
transformer

With an ideal voltage transformehe ratio between th@rimary and secondary voltage a
ways equals the ratio between grenary and secondary winding turns.

E N, (3.36)
EZ N2
A a
N1 N2
E1 E2 Burden
N n 3-089

Figure 3.89: Principle presentation of a magnetic voltage transformer
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The behavior of voltage transformers and the conformities to basic &étdrs can be
demonstrated by the use of equivalent circuit shown below.

I1Z1 |222
U, ly l,Z=U,
o, Q
3-090
Figure 3.90: Equivalent circuit of a magnetic voltage transformer

From the above equivalent circuttcan be seen that withnonideal transformer there are
always some errors included in the measurement. Erems are mainly caused by the iexc
tation current (lo) andheload current (), which introduces both ratio errors and angle errors
between the reduced primary voltage and the actual secondary voltage.

The detailed core data describes the core performance with respect to the intehclad app
tion. This data can be expressed accordinbdaguidénes of one of the several international
standards, like IEC, British Standards or IEEE. The following is based on therdsapda
vided by IEC [3.15].

The issuas approached through an examgiiés assumd herethat a thregohase set adne-
pole voltage transformer, havitige below shown data labels, is used for energy measurement
and residual ovepltage protection.

6600:'3/100:V3/100:3V
a-n 30VA cl.0.5
da- dn 100VA cl.6P
50Hz 400VA

7.2/20/60kV

1.9xUn 8h

6600:3/100:v3/100:3V

These values determine tteged voltage ratiolhe voltage transformer is a singleleone
intended for phasts-groundvoltage measuremerithe rated primary voltage is 66688Y
and therated secondary voltagase 100v3V and 100:3V. The fst secondary core is inteén
ed forastar connection giving out the phaseground voltage signal on 1063V (approx-
mately 577V) bases. The second secondary core is intendedrésidual voltage measure-
ment utilizing operdelta connection on 100:3V (approximately 33.3V) bases. Under full
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(fault impedance is zero) earth fault situation in unearthed systieensieasured value from
open-delta connection would be approximately 100V.

The marking a-n 30VA cl.0.5

is the detailedlata for the first secondary core intended for measurement. The rated secondary
burdenis 30VA andthe accuracy clags 0.5. The markings "a" and "n" refer to the secondary
terminal markings on the voltage transformer secondary connection box. To conmpllyewit

stated accuracy claghe voltage transformer has to fulfill certain requirements regarding
voltage and phase displacement errors as shown below. These limits applsetootindary

burdens between 25-100% of the rated burden.

Class 0.5 80% of rated voltage

Voltage error [%] Phase displacement error

+0.5 / +20
[ — )
+0.2 = 7 +10 —
0.2 == _;
-0.5 20’
25 \ \ 100% 25 100%
Class 0.2 Rated burden
120% of rated voltage 3-091
Figure 3.91: Voltage transformer measurement requirements for classes 0.5 and 0.2

according to IEC standards. Plotted lines show the behavior of the
transformer used in above example

The marking da- dn 100VA cl.6P

is the detailedlata for the secorgecondary core intended for protection. Téed secondary
burdenis100VA andthe accuracy class 6P. The markings "da" and "dn" refer to the-se
ondary terminal markings on the voltage transformer secondary connection box. Tg compl
with the stated acracy classthe voltage transformer has to fulfill certain requiremests r
garding voltage and phase displacement errors as shown below. These limite épgsyc-
ondary burdens between 25-100% of the rated burden. If thedgltasconnectedsecondary
protection winding is used only for ferroresonance damping resistor, it does not hawe to co
ply with accuracy requirements.

Table 3.1  Accuracy requirements of the voltage transformers’ protection classes

Protection class Voltage error % Phase displacement + min.
3P 3.0 120
6P 6.0 240
50Hz 400VA

Voltage transformetgated frequencis (50Hz). The stated thermdimiting outputis
400VA. This refers to an apparent power value atréted secondary valge that can beka
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en fromasecondary winding under rated primary voltage conditions, without exceeding the
limit of temperature rise (classes specified by the standard). In thigioonthe limits of e-

ror may be exceeded. If the voltage transfornasrinore than one secondary winditiis

value is to be given separately, as an addition to the secondary gpeeific data.

7.2/20/60 kV

7.2 kV is the highest voltage for the equipment (RMS value). 20 kV is the rated fpewer
guencywithstandng voltage (rms test value). &V is the rated lightningmpulsewithstard-
ing voltage (peak test value).

1.9xUn 8h

Therated voltage factgil.9) is the multiple of rated primary voltage to determine the maxi-
mum voltage at which the transformer must comply withrilevant thermal requirements
and the stated accuracy requirements for a specifiefiréed time The voltage factor is de-
termined by the maximum operating voltage in a specific system. The maximum operating
voltage is on the other hand affected by the voltage transformers’ primary wioding-c

tions and system earthing conditions. The following table demonstrates the dependenci

Rated voltage Rated time Method of connecting the primary winding
factor and system earthing conditions
. Between phases in any network
12 Continuous Between transformer star-point and earth in any network
1.2 Continuous | Between phase and earth in an effectively earthed neutral system
1.5 30s
1.2 Continuous | gepyeen phase and earth in a non-effectively earthed neutral system
19 0s with automatic earth-fault tripping
1.2 Continuous | Between phase and earth in an isolated neutral system without automatic
earth.fault tripping or in a resonant earthed system without automatic
19 8h earth-fault tripping
NOTE 1 The highest continuous operating voltage of an inductive voltage transformer is equal to the highest
voltage for equipment (devided by V3 for transformers connected between a phase of a three-phase system and
earth) or the rated primary voltage multiplied by the factor 1.2, whichever is the lowest.
NOTE 2 Reduced rated times are permissible by agreement between manufacturer and user.

3-092

Figure 3.92 Standard values of rated voltage factors and rated times according to
IEC [3.15]

3.16.3 Capacitive Voltage Transformers

Capacitivetype voltage transformers (CVTs) are used on higher voltage levels, staoing f
66 kV and upwards. The type of the CVT is alwagsnglepole one, thusheconrection is
between phase and earth. Thgher the voltage level ifhemore pricecompetitivethe ca-
pacitive type becomes. One of the advantages the capacitive tyjped@aparison to the
inductive type, is the possibility to u§d/Ts ashigh-frequencycoupling units towards the
primary system (over headline#) typical application would be to utilize the CVTs faower
line carrier (PLC) high-frequency signal interface units. For the voltage measurement pu
posesthe behavior and the data specificatad CVTs follow the same guide lines as the in-
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ductive ones. In addition, the possibility fugh-frequency signal coupling calls for a spec
fied value for rated capacitance (Cn). This value is chosen considering tharfglissues:

e Voltage magnitude tbe measured
¢ Demands from PLC system (frequency, bandwidth, connections)
e CVT manufacturing considerations

HV terminal
(n}

Capacitor divider

el Electromagnetic unit (EMU)

Compensating reactor Secondary winding #1
Ferro resonance

. i damping circuit
Primary winding d1
100%
B11 \ dz
in

4.05%

=
o

Secondary winding #2

m
100 WD

1.35% 0 2a

0.45%

0.15%

0.05%

Mmoo oo
= b L3 I LY 00

Power line carrier
equipment

0 2n
Trimming winding

b Earth

(|
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Figure 3.93 Capacitive voltage transformer’s principal construction

The figure above shows tipeinciple of a capacitive voltage dividen whichthe CVT is
based. The trimming windings are usedffoe-tuning the output signal to corresponih
the required accuracy class requirements. The compensating reactor @egpgmgshase
angle sift causel by the capacitive voltage divider.

All CVTs require some sodf ferroresonance damping circuit since the capacitance in the
voltage divider, in series with the inductance of the compensating reactor amoltte:
transformer (inside thdectromagnetic unit EMU), constitutes a tuned resonance circuit- U
like with theinductive type of voltage transformers, the CVTs usually have the ferroreso-
nance damping circuit inbuilh the CVT itself, as shown in the previous figure. At higher
system voltageshe resonancgghenomenon usually takes place on fundamental or on sub-
harmonic frequencies, resulting in voltage transformer heating (finallygksnand non-
selective operations of protective relaymogsible protective relaying n@elective opera-
tions. The mdern CVTs are utilizinghe secalled "adaptive” damping circuits. The circuit
consists of a saturable series reactor and a loading resistor. This sioannected in parallel
to one of the secondary cores. During ferroresonance conditions, high voltages (passible w
low frequencies) appear, saturating the reactor and turning the dampstgy r@s to &ec-

tively mitigate the parasitic voltage. Duringrmal system conditionte reactor present

high reactanceeffectively "switching off" the dampg resistor. Possible triggering factors for
the ferroresonance phenomena could be:

e Planned primary switchings in the system
e Circuit breaker trippings caused by primary fault
e High-speedautoreclosing
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3.16.4 Sensors

As an alternative for traditional primary curtemd voltage measurement techniques, as in-
troduced in earlier sections, the use of sensor technique is gaining field.chimisjte is typ-
ically appliedto current and voltage measurement in meduaftage metaknclosed indoor
switchgears. There are manndeniable advantages with sensors when compared to the trad
tional solutions:

e Nonsaturable

e High degree of accuracy

e Personnel safety

e Extensive dynamic range

e Small physical size and weight

e Possibility to combine current and voltage measurement intploysecal device with
compact dimensions

e Environmental friendliness (less raw material needed)

The above statements atiscussed in more detail in the following paragraphs while intcodu
ing the sensor techniques and the actual related apparatus.

3.16.4.1 Current Sensors

The measurement of current is based orRibgowski coil principle. The Rogowski coil is a
toroidal coil without an iron core. The coil is placed around the cucamyingprimary can-
ductor. The output from the coil ésvoltage signalproportional to the derivative of theipr
mary current. The signal is then integrated in the secondary device to praigeal ropo
tional to the primary current wave form. Since no iron core is employed, no sEf@eturs,
unlike with traditional current traf@mers. As discussed earlier, the oacuited tradition-

al current transformer produces dangerous voltages to the secondary side and $eadus
overloading of the transformer. Since the output ftbencurrent sensor is a voltage signal
the opereircuitedsecondary conditions do not leadatdangerous situation, neither to human
beings nor apparatus.

Rogowski coil
+ The transmitted signal is a voltage:
di

o, (\
~ U Ugyt=M d—tE
N

i * For a sinusoidal current under
steady state conditions the voltage is:
\ o
l : UOUt Uout=Mjo I, 554

Figure 3.94 Principle of current measurement based on Rogowski coil

With traditional currentransformersthe ratio of the CT is fixed to one value, or in case of
multi-ratio CTs to several values. These values are chosen according to the specific applica-
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tion needs and load currents. As a result, one, for example meditage primary switie-
gear installation usually requires several CT types. Vdithirrent sensothe situation is
simpler, since one type of sensor cowerange of primary currents and in optimum case the
whole installation can be covered with one type only. To give an idib& secondary
voltage signal level, one fixed point (ratio) inside the rated current nde be 40 pri-
mary value, typically corresponding to 18/ secondary signal level.

Example:

Rated current range 80 - 1250 A, accuracy class 1.
The accuracy limits are according to the figure.

Agc
+3% e Accuracy limits Typical accuracy
N

| e e o T R S T

3% fooetn | Rated current range _

0.05x80A 80A 1250A 1.2 x 1250 A
=4A =1500 A 2005

Figure 3.95 Example on curent sensor’s rated current range

As mentioned earliethe problems related to saturating iron core in conventional current
transformers can be overcome with the sensor technology. The below figure datasthstr
difference between treecondarysignalperformance for both traditional current transformer
and current sensor.

E A
\
\\Accuracy limits
\
T Current
"""" sensor
: —- >
; Ip (log)
- = = ¢
7 )
’ H
: !
’ Rated current
3-098

Figure 3.96: Principle comparison of current sensor and current transformer
secondarysignal performance as a function of combinedreor ( €) and
primary current (I p)

Due to the compact size of a current sensor (no iron core), there are bettslitpssto in-

tegrate the measurement devices inside other constructional parts of-amktséd swita-
gear. An example of this possibility would be the integration of a sensor insidangiye

mediumvoltage cable terminations.
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Figure 3.97. On the left a current sensor inside cable plugn termination and on the
right a current sensorinside conventional housing

3.16.4.2 Voltage Sensors

The measurement of voltage is based on voltage divider. Two main types are avaitadle, na
ly the capacitive one and the resistive one. The output in both cases iteadbwoltage -

nal. The output is linear throughdhe whole rated measurement range. The considerations
and protection methods agaitis¢ ferroresonance phenomena, discussed with traditional
voltage transformers, are not applicable with voltage sensors.

Resistive divider Capacitive divider

R'l
Up Up
R2 ) Uout
u t=i u u t=i u
R +R, P U CCy P 3-098

Figure 3.98 Two main princip lesfor voltage sensor implementation

As with current sensors, also with voltage sensors it is possible to cover eeltage range
with one sensor type. To give an idea of the secondary voltage signal level eshedimnt
(ratio) inside the rated voltage range could be 20@0primary value, typically corre-
sponding to 2/3V secondangignallevel.
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Figure 3.99 Voltage sensor implementations. On the left a dedicated voltage sensor
and on the righta sensor located inside a support insulator

3.16.4.3 Combined Sensors

The sensor solution being quite compact and space saving, it is possible to combine both cu
rent and voltage sensors in one physical device. This devideeqaart of the switchgear’s
mechanical basic construction, having other functions beside the measurementngke bei

part ofmedium-voltage cable termination or busbar support construction. These featares gi
new possibilities to design switchgear constions that are built according to specifis€u

tomer needs and on the other h#mely help the standardization work ftire bulk type of
switchgears.

Figure 3.100 A combined current and voltage sensor&ing also as a busbar tube
support insulator

3.16.4.4 Conclusion

The features of theensor measurement technique compared to the traditional approach are
shortly summarized ithe figure belowlt could alsdbe askedvhy the sensor approach has

not totally taken over the traditional approach, at least wemes to mediuavoltage in-

door switchgear. This is a very valid question and several answers could be given,ndependi
on the viewpoint of the person answering. Without going into this discussion any,deeper
valid argument is the limited selections#nsor-connectable secondary devices other than
protection relays (IEDs).
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[ Featre ]  cTiT Sensors
Signal 1/5A /100110 V 150mvV/2V
|Secondary cables To be added Incl. and tested
Linearity No Yes
|Saturation Yes No
Ferro-resonance Yes (VT) No
[Temperature coefficient No Incl. in accuracy
EMC No Shielded
| Short-circuited secondary | Destructive (VT) Safe
Open secondary Destructive (CT) Safe
|Weight 40-60 kg (CT+VT)| 2-25 kg (Combi)
| Standardisation possible Limited Wider possibilities |5 ;o-

Figure 3.102  Comparison between traditional current and voltage transformersand
sSenNsors
3.17 Secondary Distribution Substations

A secondary distribution substation is the linking node between primary distributioa-subst
tion and electrical power consumption. This substation can include a power trangtrmer
voltage level steplown, like 33/11 kV or 11/0.4 kV. The substation can also exclude power
transformer, working only as a switching node in the network, in which casaftiemnse-
ferredto as a switching station.

Generation o
Transmission

Sub-Transmission

Primary Distribution o
Secondary Distribution

Figure 3.102  Power sysem

In the following, the key primary elements of secondary distribution substatiershortly
introduced.

3.17.1 Ring Main Units

A Ring Main Unit (RMU) is a totally sealedjasinsulated compact switchgear unit. The pr
mary switching devices can be either sWitisconnectors or fused switch disconnectors or
circuit breakers. Different combinations of these primary switching dewiites the unit are
commonly used. In casecircuit breaker is the switching devjdeis also equippedith pro-
tective relayingeitherwith a very basic selpowered type oa more advanced one with
communication capabilities.
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The rated voltage and current ranges for RMUs typically reach up to 24 kV aAdré8pec-
tively. With many of the manufacturers of RMUs, the basic construction of theeumains
the same for thevhole of the voltage range. The increase in rated voltage is handéedrby
crease in the insulating gas pressure.

Medium voltage (7.2 kV, 10 kV, 20 kV)

* &
:\ ;\ — <<

)

I 3-103

Figure 3.103  Singleline representation of atypical RMU configuration

The figure above shows a typical RMU configuration where load disconnectong are t
switching devices for the incoming cable feeders and circuit breaker wotke awitching
device for distribution transformer feeder. All of theitching devices are of thrgmsition

design, havinghe possibility to close or open or earth the feeder in question.

F ] __rhxl | TES |
= = | 1

x

i = Bf O O] |G Ll ¥ .

Figure 3.104  Outlook of a typical three-feeder 24kV RMU unit

The figure above shows typical outlook ahaeefeeder RMU. In thdigure,the combination
consists of load disconnectors theincoming two feeders and a fused load disconnector for
thedistribution transformer feeder. The incoming and outgoing mediitagecables aret-
tached using elbowype plugin cable ends.
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3.17.2 Secondary Medium-Voltage Switchgear

Whereaghe RMU type of units representise very compaajasinsulated design faa ded+

cated purpose, the secondary mediotiage switchgears represent aniagulated quite

freely extendable and configurable solution. The intended application areadodaecne-
dium-voltageswitchgear falls between the RMU and heavier switchgear constructiond-inten
ed for primary distribution.

The primary switching devices typicallydilnde switch disconnectors, fused switch discon-
nectors, contactors and circuit breakers, either fixed or withdrawable. €de/adtage, cut
rent and short circuit withstandimgnges for secondary switchgears typically reach up to
36 kV, 1250 A and 12.5A&respectively.

[ =

Figure 3.105 A section of typical 24kV secondary mediumvoltage switchgear

The figure above shows one section of typical secondary switchgear. The sextistsoof a
bustiser cubiclebussectionalizer cubicle with voltage measurement and circuit breaker and
a feeder cubicle with circuit breaker. The circuit breakers in this example aevaftttirav-

able type.

Whereaswith primary mediumvoltageswitchgearsthe use of feeder termilsa(IEDs) with
station and uppdevel communication is more a rule than exception, the secondary switch-
gears still widely separate the functions of protection, measurement anal.d@asic prote-
tion relays are utilized solely for protection purposes, the control is cautddcally only

and measurement is based on indicating analog and calculating energy metexserH-iyp-
cally the secondary switchgear design facilitates the full use of modeasr teedinal fea-
tures when this is seen necessary.

3.17.3 Outdoor Switch Disconnectors

The outdoontype switch disconnectors, also referred to as load disconnector, can be classified
into opentype air-insulated ones anghsinsulated enclosed typ&he nost common insted-
tion method with both types would be pole mounting.
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The currentbreakingcapacity withthe airinsulated ones starts from very modest figures like
20 A, intended for disconnectinige linecharging current only, and goes upati@w hundred
amperes with a special breaking chamber attached. Thetypeswitch disconnectors can
alsobe equipped with mediumweltage fuses. Line earthing possibility, when the disconnector
is in the open position, is typically offered as an option.

Figure 3.106 A 24 kV switch disconnector with earthed when open device

With the enclosedasinsulated oneghe switching device inside the enclosure is normally a
load disconnector. One physical enclosure can in fact accommodate several seiitviies
with two- or three-position operation. A three-position switch allows the feeder to be closed
or open or open and earthed. With the enhanced feauresclosedype disconnecting

switch actually reaches tisame functionality as a traditional basic groumountedRMU.

3-107b

Figure 3.107 A 24kV gasinsulated encloseeype switch disconnector with two
three-position load disconnectors

The operation of the switch disconnectors can be either manual or motorized with cemot
trol and monitoring possibilities. Utilizing the possibilities that the motor control demtte a
local control and measurement unit provides the install&tifiiis the functionality demands
exposed to an automated sectionalizer.
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3.17.4 Reclosers

Reclosers are setfontained fault interrupting and reclosing devices, specifically desigmed f
overcurrentprotection in secondary distribution systems. Reclosers are situated iagélect
cations within the overhead distribution network. Wit correct protection setting and MV
fuse selection ardination, concerning the whole supply loop frimasupplying primary
distribution substation feeder to theseprotected distribution transformeitrjs possible to
achieve aiscriminative fault isolation function. Traditionallshe recloser units do not have
any remote communication facilities. To enhance the system monitoring &ordties -
cilities the reclosers can be equipped with remote communicating protection and control
units.

The recloser assembly consistdhe faultbreakingprimary unit, typicallypole-mounted

with brackets, and a control cabinet mounted near the ground level. Botiplias®and st
gle-phase units are used, depending on the secondary distribution operation and protection
philosophy. The current measuring is carried out with internally mounted businnegtc
transformers. The switching device is typically either a vactypeor oil-typeof a circuit
breaker with nominal currents up to 1250A adted voltage up to 38kV. The breakiray ¢
pacity of the circuit breaker can reach up to 16KA.

Figure 3.108 Typical reclosers breaking unit (vacuum type) on the left and control
cabinet on the right

Following principal system diagrams descrdre basic¢ standalone” application of reclosers
[3.13]. The below described automatic fault isolation functionality has been acghdte
correct cordination of protection and auteclosing scheme settingRed color marks foa
closed switch and green color marksdoopen switch. Furthemore,a solid line marks for

an energizedine anda dashed line marks forde-energizedine.
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In the first diagramthe two feeders are supplied from two separategy distribution sh-
statiors with the tie recloser open.

Sectionalizing Midpoint
recloser recloser
Fault

Tie
recloser

o

Sectionalizing Midpoint
recloser recloser 3-100

Figure 3.109  System status just before fault appears in the marked location

The second diagram shows a permanent fault situation on the fist.fé@e a result of the
fault, the feeder ithe substation hasiadean unsuccessfautaeclosing attempt and has
lockedout with the breaker open.

Sectionalizing Midpoint

recloser recloser
= QI
iy Sl - -—-—-
1
1
1

Fault
Tie
recloser

il —e—e

Sectionalizing Midpoint
recloser recloser 3110

Figure 3.110: System status after unsuccessful auteclosng of the supplying feeder
in substation 1
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In the third diagram, the sectionalizing recloser has opened, isolating tlyestilon of the
feeder.

Sectionalizing Midpoint
recloser recloser

ehEh  EERth [ i

Fault

_3

Tie
recloser

il —e—se

Sectionalizing Midpoint
recloser recloser 3411

Figure 3.112  Figure caption

In the fourth diagranthe tie recloser has closed energizing the healthy section of the looped
feeder.

Sectionalizing Midpoint

_ recloser recloser
- i

Fault
Tie .
recloser

.

Sectionalizing Midpoint
recloser recloser 3412

Figure 3.112  System status after tie recloser has closed

3.17.5 Secondary Distribution Transformers

Secondary distribution transfoars perform the necessary voltdgeel transition from the
secondary distribution voltage level to a level suitable for housdikeldonsumption. One
example of such transition would be a change from 11 kV to 0.4 kV. The transformer can be
threephasefwo-phase or singiphase, depending on the country and application.

Transformers are placed in stratelpcations in the network, considering the load to be sup-
plied, load and voltage losses, environmental aspects and minimum acceptabledbait le
the end othelongest lowvoltage feeder. The installation method can be pole-mounting
(small ones), pad mounting wrounting inside a metallic enclosure or a building. The rated
capacity of the transformer varies roughly betwe&vA and 1MVA. The transformers are
typically equipped with off-load tap changers watmoderate adjusting range, like £2 x
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2.5%. The operation of the off-load tap changer is performed manually with the transformer
de-energeed

The secondary distribution transformers can be divided into ligjled-(most common) and
dry-typeones. The liquid usedr insulation and cooling purposes is usually mineral oil (oil-
immersed). Due to special circumstan@so dimethyl silicone or esters with synthetye h
drocarbons aabe used. Therg-typetransformers are used to minimize the fire hazard and
other environmental impacts in case of a severe transformedbreakl ank construction
with theliquid-filled ones can be either hermetically sealed or witbreservator. The dry-
typeones do not have any special tank construction around the transformer coagrtdius
tective housing around the transformer is always a must.

Figure 3.113  Medium-sizeoil-filled hermetically sealedpad-mounted secondary
distribution transformer

Figure 3.114 Vacuum-castcoil dry-type secondary distribution transformer

Typical protection device witthe oil-filled type is a plain top oil thermometer, measurirg th
oil temperature ahetop of the tank. The driypeones are normally fitted with temperature
sensors for each winding. The sensor can be for example &yp&@mperature variable re-
sistance, which is then connected to an external monitoring andtpotdevice.
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3.17.6 Low-Voltage Switchgear

Thelow-voltage switchgear is the distribution point for outgoing feeders supplyirenthe
customersThe construction of the low-voltage switchgear varies from simple dpgign

fuse holder racks tmetatenclosed swichgears. The simplest ones are normally installed
with pole-mounted secondary distribution substations, vels¢ihe more comprehensive ones
are typically associated with compact or cellar type of secondary substations.

e

Figure 3.115  Outdoor-mounted, free-standing cable distribution cabinet

The picture above shows a typiéae standingow-voltage outdoor-mountechble distrilo-
tion cabinet. The incoming feeder from the secondary distribution poweramaresfis po-
tectedwith amolded-case circuit breaker (MCCB), and the outgoing feeders are protected
with line-mounted three-phase switch disconnector fuse assenglielslow-voltage
switchgear solution is typically used in connection with potggadmounted secondarysdi
tribution substations.



Distribution Automation Handbook (prototype) 1IMRS757959
Elements of power distribution systems 92

& DM busbar for
apparatus mounting

d Back connection

& Base plate

2 Busbars

@ Systam earthing

3 Cabde support

Figure 3.116 Indoor-mounted free-standing cable distribution cabinet

Thefigure above shows a typicflee standingow-voltage indoor-mountedable distribution
cabinet. The incoming feeder is directly connected to the low-voltage busbars aod the
going feeders are protected with line-mourtte@ephase switch disconnector fuse asse
blies. The switchgear can be also equipped with incoming feeder protectieneaggt mes-
urement, depending on the actual needs. Suclvidtage switchgear solution is typically
used in connection with compact secondary substations.

The main primary elements of secondary distribution substations, introduced abovedare us
as suctor in different combinations to form the actual secondary distribution substation in-
stallation. Feeder Automation process involves the control and monitdrihgse key prima-

ry elements. This process and its elements are described under section 3.15.4.3nd-this ha
book.

The most common secondary distribution substation types, utilizing a combination of the
above main primary elementsre presented in the following.

3.17.7 Compact Secondary Substation

A compact secondary substation (CSS) is a prdabricated unit transported in one or several
pieces to the installation location. The unit includes normally the medaltaageswitching
devices, secondary distribution power transformers and low-voltage switchpeasuilding
materialcan be steel, aluminum or concrete. The smaller units are of-ttedlsd "non-
walk-in" design, where all the operation and maintenance tasks are carriechootfiside
the building. Bigger unitare based on the "walk" design, where the operationmaine-
nance personnel can physically enter the building. The medium-vsitaghing devices are
mostly based on RMU solution, which caters for the minimum space requiremenksg-The
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ger units can also utilize tlaar-insulated secondary switchgear aitgive. The distribution
power transformer is installed on top of an oil reservoir to comply with environmegidd+e
tions. The oil reservoir can be either a steel construction or a concrete canstinatase
the concrete construction is used, it will typically also form the foundatiahdovhole CSS
unit.

[TTTTTT [TTTTT]

I

3-117bl

Figure 3.117 Compact secondary substation based on metallic construction ambn-
walk-in design

The picture above shows a CSS unit utilizingtatlic outer enclosure witie "non-walk-in"
design. The internal layout picture on the right shows the placement of diffevdotas of

the CSS. The low-voltage switchgear is the most left one, followedsbgondary distribu-
tion power transformer arfthally the mediumvoltage switching unit RMU.

3.17.8 Indoor Secondary Substation

The basic components with indoor secondary substations are basically the satheas-wi
pact secondary substations, except the different components are supplied asritaadt
installed intoa dedicated space inside a larger building or building complex. Obvidhsly,
space limitations are not as tight as witeCSS solutions, thus enabling the usaiof
insulated mediunvoltage secondary switchgear. Also the fact that the needed poveger tran
former capacity is often highémanwith CSS solutions drives for mediunaltage switchgear
options having higher performance values tfrarwhichthe RMUs can cater.
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Figure 3.118 Indoor secondary substation withair-insulated medium-voltage
secondary switchgear

Typical installation sites for indoor secondary substations include large offraplexes,
shopping mallandsmall and mediursizeindustry.

3.17.9 Pole-Mounted Secondary Substation

Pole-mounted secondary substations consist of medaltage ovetheadline(s) feeding the
substation, pole-mounted medium-voltage switching equipment, pole-mounted secosidary di
tribution power transformer and low-voltage switchgear cabinet. The equipsezhfarme-
dium-voltage switching varies from simpdér-insulatedmanualoperated disconnectors to au-
tomated functions of reclosers and sectionalizers. The pole-mounted secondatipsslz®@
common solutions for widgreadrural networks where the powatensity is relatively low.
Thelow-voltage cabinet can be eith@rle-mounted ofree-standing ground surface-mounted

in the vicinity of the other equipment. The first one is typically used in case tiiedosy-

voltage overheatines are used for supplying the end customers and the later one in case of
underground low-voltage cables.
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Figure 3.119 Polemounted secondary distribution substation

The above picture shows one pole-mounted secondary distribution substation application. On
themediumvoltage levelthe switching equipment consist of theeeinsulated load discon-
nector switches for incoming ovezad linesone load disconnector switch is used for con-
necting underground mediuwnitage cable ahone disconnector is used for connecting the
secondary distribution power transformer. All of the load disconnector swithesotor-

operated with remote communication. The legltage switchgear cabinet can be seen at the
very bottom of the picture, providing the connection point for outgoing underground low-
voltage cables.

3.17.10 Sectionalizers

The Sectionalizer is mediumvoltage switching device that can break theedergeedme-
dium-voltage feeder into two or several sections in adleolate the fault part of the feed-
er. The switching device used is normally pole-mourgéber opertypeair-insulated switch
disconnector or encapsulatgdsinsulated load disconnector.

Around 80% of the faults in the mediwnitage overhealines are of transient nate and

thus ofterself-clearing type. To restore the supply for the faulty feeder aftetrip@ing, di-
ferent autoreclosing schemes are employed. In case the feeder is affexteoidselF
clearingtype of fault a lot of customerareaffected by a long supply break after sevena
successfuautoreclosing attempts. If the actual fault is close to the end of the feedews-th
tomers closer to the substation could be still supplied if the faulty section of des éeaild

be isolated. Fosuch caseshe optimally located automated sectionalizers can be the answer.
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When the sectionalizer is equipped with a matperating mechanism, measuring transfor
ers (or sensors) and local control and supervising features, the seaiobatiames so-

called atomated sectionalizer. Wiln automated sectionalizéris possible to build d
criminative fault isolation schemes. The automated sectionalizer works iririau with
up-stream switching devices, utilizing the-éieergizedperiods during thautaeclosng
scheme to operate and isolate faulty sections. The automated sectionalizetheuetls-

ing attemptsnadeby the upstream device, likeclosing breaker at the upstream substation,
and after preselectechumber of attempist automaticallyopens during the derergized
period of theautoreclosing sequence.

Following picture shows a simple radial feeder case of utilizing the funtitioafan aub-
mated sectionalizer together witke circuit breaker’s autoreclosing scheme for discrimina-
tive fault isolation.

CB

I_IE Sectionalizer
M
L] é

Fault T1 T3
Load _[
T4 cB
| T2
15 Sectionalizer
Opening of sectionalizer 3-120

Figure 3.12Q  An example of utilizing sectionalizers for discriminative fault isolation
in radial feeder application

When the fault appears on the dweadline section beyond the sectaizer, the protective
relaying at the supplying substation and at the sectionaizegnizeshe case. The prate

tive relaying at the substation sttie autoreclosing sequence by tripping the circuit breaker
in time of T1. The sectionalizer acknowtgs this action. Aftea preset time delay (T2), the
circuit breakerecloses. Since the fault has not bedaared, the circuit breaker tsmgain &

ter a preset time delay of T3. The sectionalizer comnseiteepening cycle during the feed-
er's deenergzedperiod of T4. The actual sectionalizer opening command is issuea after
preset time delay of T5. After the time delay of T4 ofdh&reclosing scheme has elapsed,
the sectionalizer is fully open and the circuit breakeloses energizing the hetidy sections

of the feeder.
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3.18 Auxiliary Power Supply Systems

This chapter concentrates the characteristics, dimensioning, protection and typical applic
tions of a substation auxiliary power supply systems.

The purpose of auxiliary power sup@ystemss to cater for the necessary energy for the o
eration of primary and secondary devieéshe substation. The auxiliary power systems are
normally divided in two categories, namely the Agstem and the DC system(s). The AC
system normally operates with tbeuntry’s standardized utility low-voltage level, for exa

ple 400V 50 Hz. The DC systems utilize a wider range of different voltage levels, depending
on the common practice within a specific utility and the specific demands eXpptee

loads to be fed.

The loads fed by the AGystem are normallgo-calledinessentialoads, which are not cru-
cial for the substation operation. These loads would typically in¢chefellowing:

e Substation building(s) climate control and lighting

e Outdoor equipment and indopanels desiccation heaters

e Power transformer cooling fans

e Driving motor for on-load tap changer of a power transformer
e Station battery (DC system) charger(s)

e Normal wall socket outlets

The loads fed by the DC system(s) are nornsdigalled essential loage/hich are crucial
for the correct, reliable and safe operation of the substation. These would yipidaliiethe
following:

e Protection relaying, including circuit breakers’ tripping and closing coils
¢ Interlocking circuits

e Circuit breaker operatiomechanism (spring charging)

e Circuit breakers’ and disconnectors’ control circuits

e Disconnectors’ motor operation mechanism

e Alarm circuits

e Communication systems

e Substation access control and intruder alarm system

e Fire alarm system

e Emergency exit signs anghts

In case the substation is equipped with computerized substation control systemi{8CS
computers and other associated equipment can be fed from the substation’seDCvsysin
inverter.Another possibility is to have a dedicated UPS (uninterruptible power supply) for the
SCSrelated equipment.
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3.18.1 DC Auxiliary Supplies

As indicated earliera substation can have one or several DC systems. Faftéateng the
number of systems are the need of more than one voltage level and the need of duplicating
systems. Todayjormal DC systems are operating eithetrail10 V or 220 V level, though
lower levels exist. Some systems at the substati@yrequire lower voltages as their auaii

ry supply sourceA typical example of these systems would be the dgeéescommunication
devices or the power line carrier (PLC) equipment, which normally requires 48h¥.gdav-

er consumption of these devices is low enough, their supply can be avatigB€/DC
converters, supplied by the higher voltage level DC system.

3.18.1.1 Elements of DC Auxiliary System

The main components of the system are battery, charger and distribution swddhbloe-
ing the DC system monitoring relay¥igure3.121 shows the main line diagram cfiagle
battery and charger application.

400VAC
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110V
A 25A A 100 Ah/10h
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Figure 3.121  Typical single-battery and charger application
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In a typical installation, especially with batteries of considerable sizeattexibs aren-

stalled in a separate battery nooThe ventilation of the battery room shall be adequate, con-
sidering the type and size of the battery. Temperature level in the batterghmoatd not r-

ceed 25°C, since temperatures above this significantly affect the lifetite béattery. The
charge and distribution switchboard are normally located in the same room, separate to the
battery.

The main fuses of the battery are housed in separate plastic boxes, one for plusooonnec
and one for minus connection. These main fuse boxes should be gitzsxd the batterytt
self. The main fuses are supervised and an alarm is given in a case of a blowigtuse (
3.122. If amain fuse (F1 or F2) is blown, tlewercurrent tries to divert its path via paralleled
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miniature circit breaker (F1.1 or F2.1). This miniature circuit breaker has a very sneall rat
current and is also tripped immediately, causing the alarm contactt@xiese.
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Figure 3.122  Battery main fuse supervison

The cables leading from timeain fuse boxes to the distribution switchboard are run separately
for both polaritieswith at leasta 10cm distance between each other. The cables are installed
in non-conductive (plastic) pipes for the total length.

Usually at the distribution switchboard there is provided a separate fuse switch output for
connecting external battery dischargguipment, as shown Figure3.121. This output can
be utilized whilemaking a battery discharge testidg substation commissioning or regular
maintenance and testing.

3.18.1.2 DC system earthing

As a general ruleghe DC systems are not earthed. A system having no earth connection can
be run even under one-paarth fault situation, thus increasing the availgpdf the DC sg-

tem. For detecting the ompmle earth faultsthe distribution switchboard is equipped wath
battery monitor relayhat constantly monitors the insulation resistance of both of the poles
against earth. If the insulation resistance goesvbal settable limjtthe monitor relay issise

an alarm signalAn earth fault situation should be attended immediately, since the risk of
double-polesarth fault is significantly increased.

Some loads might require eitheeplus- or minugpole earth connéion. Typically,these loads
could be power line carrier (PLC) equipment, telephone exchanges (PABX) or temwte
nal units (RTU) for remote control and supervising purposes. The mentioned sygems a
normally running on lower voltages than the reshefDGloads. Thustheyaresupplied

with a separate dedicated DC system.

3.18.1.3 Duplication of the system

Since the DC system supplying specially relay protection, control ancuoker) circuitsis

of paramount importande the substation’s reliable and safe operation, the energy supply has
to bealwaysavailable. The need of this reliable suppgcomesven more important during
disturbances and faults in the higitimediumvoltage primary circuits. As a result of these
faults the AC auxiliary voltagenaynot be available, because the incoming feeders may have
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tripped After such situatiojthe reenergizing of the substation is solely depending on the DC
auxiliary power available.

The importance of this reliable D&uxiliary power is crucial for the substation as sUdte
higher (more important) role the substation plays from the complete distrilouticamsms-
sion network point of view, the higher are the demands for the substation’s DC guxiliar
power systems. To meet the increased demands for lighialoid availability, the DC system
can be doubled (Figure 3). This means that thexwo separate systems, at the same voltage
level, running in parallel. Both of the systems have their own batteries an@rsharige -
tribution switchboards divided into two separate sections, where both battery and charger
sets are supplying their own sections. Therebus tie switch connecting the busbars of the
different sections together. Under normal conditions, this bus tie switch is keptopasel

of faults or maintenance on one of the battery and charger sets, the bus tie cardbé&ciese
enabling the other battery and charger set to supply the whole load.

400V AC 400 VAC

110V - 110V 110V — 110V
A 25A A 100Ah/0h A lﬁzs;‘-\ A T 100Ah10h

] 631125 A

-25.0.425A
-25..0..425A

-25...0...425A
-25.0.+25A

o - QE
SR ¥ SR b
; e

25 A/150 mV
25 A/150 mV

16/63A
16/63A

FOR DISCHARGE\ FOR DISCHARGE
125A RESISTOR - b\ 125A RESISTOR

]
WEWE ME 4D MR THE THE THE hE M
3 % % % Y R e e e R

Figure 3.123  Typical doubled battery and charger application

The actual circuits that the doubled DC system is supplying are distributety eqnahg the
two sections in the switchboard. Circungh doubled functions, like trip circuit 1 and trip
circuit 2, are connected to separate sectidhs way the fault in one of the sections does not
affect the tripping circuits connected to the second section.

The doubling of circuits, especially regarding protection circuits, shouldncendll the way

to the actual primary devices. This means thaexample with the circuit breaker there
should be two separate tripping coils, one for trip circuit 1 and second one for trip circuit 2.
The cabling for these two circuits (tripping coils) should be done with sepatats utilz-

ing, as far as possible, also different cabling routes. Funtirera common practice is that
themain protection relayseceivetheir auxiliary supplyrom as well as gie their trip com-
mands tahetrip circuit 1, whereas the badip protection relays utiliethetrip circuit 2 for
thesame functions. The local and remote circuit breaker control functions (omemng

mand) typically utiliz the trip circuit 1.
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3.18.1.4 Battery Technology

The main types of battery cells used for stationary (substation) appiEatre Lead-Acid and
Alkaline (nicketcadmiun). The choice between these two types dependseveral factors,
including at leasthefollowing:

e Lifetime expectancy

¢ Maintenance requirements

e Lifetime costs, from purchase to replacement
e Reliability

e Charging and discharging charatstics

e Operating temperature requirements

e Existing spare cell stock

e Seismic conditions

In the following, two of the most common type of batteassin focusnamelythe Valve
Regulated Lead\cid batteries (VRLA) and NickeCadmium batteries.

The complete battery consists of a certain number of individual cells. Dependinghat: the
tery type and design in question, the cells can be partly senesected already at the fact
ry. Then a number of cells, for example six pieces, form aaalepackage. These cell pac
ages are threconnected in series to reach the required number of individual cells.

The number of battery cells to be connected in series depends on the required float charge
voltage level of the battery. This float charge level also deteatingactual operating el

age level of the DC system, under normal conditions. Nominal float charge ceajjevdita
pends on the type of the cell. With LeAdid battery cellsthe nominal float charge voltage

of acell is around 2.23 V and with Nick€admium cells it is around 1.4¥. So, for example

for a 110V DC system Lead\cid battery 53 cellswould be chosemgiving a battery float
charge voltage of 118.

3.18.1.4.1 Valve-Regulated Lead-Acid Batteries

-Valveregulated lead-acid (VRLA) batteriesare the mosta@mmon ones for stationary suést
tion installations. This battery is the oldest type on the market and has beessfligcei-

lized through the years. The cell plates inside the battery are usuallyontaafegoure lead.
However, because of some mechansteength limitations on pure leackrtain alloys are
used, most common ones being lead/antimony and lead/calcium [BatOglectrolyte used
with the LeadAcid batteries is thinnesulphuracid. The electrolyte is actively tialy part n-

to the chemical reactions inside the cafid its density varies according to the chargedecapa
ity of the cell Thus,the charging state of the battery can be deternbasddn the electy-

lyte density. The battery cell is of a sealed type, exivephe regulating valvewvhich opens
and leads out the cHlinternal pressure if it exceeds the atmospheric pressure with a prede-
fined amount. In addition to the valve regidagttype, also theso-called vented of cells are
available. The vented pg utilizesthe freebreathing principle, where all the evapargtgas
from the cells hafree access to the surrounding atmosphere.
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As thelEEE Saindard1375-1998 publication [3.7hdicates, the VRLA battety available
capaciy depends greatly on the temperature of the surroundings (battery room) ama-the t
perature of the cell itself. The battery’s nominal capacity is normally séa@%sPC temper
ture. With lower temperaturgthe capacity starts to decrease. With higher temperathees
capacity starts to increase, resultinghigher charging current from the charger to meet the
requirement fothe specified float charging voltage levelhich in turnresuls inincreased
heating inside the cell. This chain reaction can be dangerous for the batetgiifi preca-
tions arenot taken. The chain reaction can be prevented by controlling the temperature of the
battery room and by limiting the charging current. The charging current limitegio be real-
ized by temperatureompensation and by fixed current limiting. As showirigure3.124,

the VRLA battery lifetime is also significantly pending on the operating temper&tene-

ally, it can be saidhat the lifetime is halved after every 10°C tergiure increase beyond
25°C.

Temperature [°C]
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Figure 3.124  Correlation with VRLA cell lifetime and temperature [3.7]

The battery is vergensitiveto deep discharges and can be easily damageer souch coned
tions. The lifetime expectancy varies between five to ten ydgvending on the actual type
of cells, type of use and the manufacturer, whereas the lifetime expectahbgkie-
Cadmium battery is approximately double. The initial purcleasefor a VRLA type of ba
tery is considerably lower than for a Nickekdmium battery.

3.18.1.4.2 Nickel-Cadmium Batteries

The actual cell construction in Nick€admium batteries varies with the cell type and cell
manufacturer. Usuallyhe active material in positive cell plates consists of a mixture kf nic
el hydroxide and graphite, whassthe negative cell plate consists of cadmium hydroxide and
iron compounds. Potassium hydroxide solution works as the electrolyte inside the cell. The
electrolyte does not takzart in the reaction chemically, working onlyadistributor of ions.

The electrolyte density does not change with the state of the cliggthe charging state

of the battery camtbe determined based on the electrolyte density.
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The temperature characteristics dependency of a Ni¢kéimium battery is not at all as high
as withthe VRLA type of batteries. The expected lifetime of a Ni€Batimium battery et
creases when the temperature increasemlaumuch more moderate pace. Generdéligan
besaid that the lifetime is decreased by 20% after every 10°C temperature inengase b
25°C. The battery has excellent recovery features after a severdiselegrge situation. As
already notegthe lifetime expectancy with NickelCadmium battery is at least twitteat of
the VRLA battery.

3.18.1.5 Charger Technology

Two differentmaintechnologies commonly exist, namely the switched modefeattiyris-
tor-controlled. The chargers utiliziige switched mode technology are basically intended for
lead acid battgy applications. The chargers utilizitige thyristor-controlled technology can

be used for both lead acid and nickel-cadmium applications. The switched mode technology
results as by its natune a very low ripple voltage and dynamic performance. Tiwesn be

used to supply the load even without batteries. The thyristor-controlled chargeguiaa

high inherent ripple voltage, and normally additional smoothing is required.
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Figure 3.125 Comparisonbetween the charger technologiegf8.12]
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3.18.1.6 Dimensioning of the System

Dimensioning of a DC system contributes to the following technical aspects:
e Batteryratedcapacity and number of cells
e Selection of battery charger and detarationof its rated output

e Distribution switchgear, and components, short circuit withstand value and nominal
current

e Crosssectionand length of cabling between distribution switchgear and load-in r
spect of voltage loss and minimum fault current add.

The above mentioned dimensioning questions will be shortly covered in the following.

3.18.1.6.1 Calculating the Number of Cells in a Battery

The required number of cells in a battery depends mainly on the nominal voltage @f the D
system, the allowed voltageniations during the considered duty cycle and the recommended
float-charging voltage of an individual cell.

Assumd that the stated nominal voltage of a DC system is\&@d the allowed voltage
variations are +10% and5%, the cell type chosen is valkegulated lead acid and tha-
pacity of a cell has been chosen so that the required duty cycle can be dovefedher a-
sumedhat the cell manufacturer states the recommended floaicthaaging voltage being
2.23V/cell. The maximum system votia would be 110 V+10%, which equals 121 V. When
this maximum system voltage is divided with the nomileat-charging voltagethe result is

54 pieces of individual cell& common practice with the lead acid cells is to state the capaci-
ty with cell end wltage of 1.8 V. When this end voltaigemultipliedwith the number of
cells,the result i97 2 V. On the other hanthe minimum allowed system voltage is 110V
15% equals 93.5V. In the example, the chosen number of celig$d4eems to be a correct
choice.

What the above example did not take into account are the voltage losses within the cabling.
Normally, the stated allowed voltage variations, within a DC system, reteetoaximum

and minimum voltage levels at the connection poirgn@rgyconsuning device. In other

words, the voltage losses that take place in the cabling between the battesgsamdption

point have to be taken into account. This consideration obviously becomes important with
long cabling distances and can resulimincrease in the cable cresections in order to \o-

er the voltage losses.

3.18.1.6.2 Battery Capacity Dimensioning
As thelEEE Sandard485-1997 publication [3.11hdicates, the battery must be abfe to
supply the DC-power when any of the following situations occur:
e Load of the DC system exceeds the maximum output of the battery charger
e Output of the battery charger is interrupted
e AC-power is lost
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The most severe condition of the above should be the basis for battery dimensioning, consid-
ering the load and duratioA complete lack of AGpowermayresultin a greater demand of
DC-power than if only the charger output is interrupted.

The capacity of a battery equals the capacity of one sayesected battery cell. The capac

ty of a battery igletermined by the load and the time that the battery is expected to supply the
load. Usually, this discharging time is taken as ten hours. The capacity demattbgaed

on this consideration iscorrect To attainthe corrected capacitgertain corretion factors

have to be takeimmto account.

t
C=j| x dit (3.37)
0

Equation (3.37) shows the basic prifeipf calculating the total capacity of the battery, the
load current is integrated over a time period.

C is thetotal battery capacitjAh]
I is theload currenfA]
t is thedischarge timégh]

As can be seefrom above equation, the behavior of the load ctiflead profile) is critical.

To form estimation, as accurate as possible, of the load behavior during the duty cycle, the
loads are usually divided into three different classes, as definedIBEEeStandard 85-

1997 publication [3.11].

e 1. Continuous loads
e 2. Non-continuous loads
¢ 3. Momentary loads

The continuous loads are eneaglduring the whole duty cycle and are normally carried by
the battery charger.

The non-continuous loads are eneegionly during a certain padf the duty cycle. These
loads might appear at any time of the duty cycle and disappear (automaticakiyually), or
continue until the end of the duty cycle.

The momentary loads can appear once or several times during the duty cycled$ladoa
short in duration, not more than oménute. If several momentary loads appear at the same
time, the total load should be considered to be the sumtbiedtlads during their common
time period. If the discrete sequence of the simultaneous momentary doadsbe esth-
lished, the sum of the loads should be considered over theionge time period.
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Figure 3.126 Example of a duty cycle

After the load pofile is known there are different ways to calculate the actual minimum bat-
tery (cell) capacity needed. The method giving usually the most consematogeme is the

one based othe IEEE Standard485-1997 publication [3.11]. In Finlanthe most common
way is to follow the SLY $ahkohitosyhdistys, association of Finnish utilities) method. Also
the battery manufacturers are distributing computer programs for bedpargty calcub-

tions. These programs select the righit type, within the manufacturer’'s range, based on the
given data on load profile, discharge time, minimum and maximum batteageand anib

ent conditions.

3.18.1.6.3 Charger Dimensioning and Selection

A battery charger has several tasks. It should keep the battery chargddltaasacity

when no load is connected, thus no curremtithdrawn from the battery. A charged battery
will slowly dischargeovertime, even if there is no load connected to it. The charger has to
compensate for this discharge current.

When the battery is supplying the load without the charger or when the amathenvih-
drawn current exceeds the supply rating of the charger, the charger has to beeadblarge
the battery withira specified time after this abnormal situation isrovdée normal load au
rent supplied by the charger has to be also taken into account while making thisratinside

In some applicationst is requred that the charger has to be able to supply the load tefnpora
ly without the batterypeingconnected. Tis requiremensetsdemands fothe charger’'s ma
imum ripple voltage and dynamics performance.

Also the charger’'s A&upply voltage anthenumber of phasdsave to be consideret
large enough chargers are not available for one phase sitjpplyprnally possible to use
two or more chargers in parallel operation. This has to be confirmed from the sapgléer
so normally stated in the chargers’ purchase order.

Majority of the chargers available can be equipped with a monitoring unit thavisegtre
charger and battery status and performance. The monitoring unit supervisdtetlyevbb
age, charger output voltage, system insulation resistance against eartbr, Alasypply and
battery charging status.
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The monitoring of the battery cell voltag} insulation against earth and battery running te
perature can be also realized with separate monitoring devices. The currerarstaresds
onthe battery voltage and differences between different cell voltages can be@haven
mote supervision sgem.

Figure 3.127  Battery supervision page on SCADA display

As a summarythe following items should be considered while choosing the right charger
type and rating:

DC system normal load current

Required battery recharging time

Requirements on charger ripple voltage and dynamics performance
Possible parallel running with other charger(s)

Battery’s float and boost charging voltages

Battery type (lead agdior nickel cadmium)

Monitoring requirements, both local and remote

Charger AGsupply (voltage, frequency, one or three phase)
Available space

3.18.1.6.4 DC system Switchgear

Switchgear size and the utilized primary switching devices depend on the pglicdtan.
A DC systentan bearelatively compact one, utilizing only one charger and batterpsét,
is a relatively large one with duplicated batteries and chargers. For teedagsa normal
switchgear design would bdr@e-standingmetatenclosed construction with a number of
separate compartments.
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Switchgeas nominal current dimensioning would be based on the actual maximum iead cu
rents with a reasonable margin future load increase. For the short cienijtistdimension-

ing, the batterysuppliedDC system has quite different phenomena as compared to normal
AC-system dimensioning. For a DC system, with battery and charger connedted, s

cuit in the system corresponds to he&oad situation. The battery voltage will rapidly drop to
a constant valyeanda constant fault current is supplied. The shintuit currents of a battery

can easily be in the region affew kilo amperes.
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Figure 3.128 Lead acid battery's typical initial voltage characteristics during a short
circuit [3.7]
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The actual constant short circuit current supplied by the battery can bedfrechehe man-
ufacturer's manuals. Below is an example of typical lead acid battery siedig circuit le-
els.

Nominal Short DC internal
capacity circuit resistance
(Ah) at 20°C current (A? (mQ)
0 hrs to IEC 60896-2 IEC 60896-21
1.80 VPC
25 1150 11.0
30 1300 9.0
50 2030 6.0
75 3000 4.0
100 3800 1.7
105 4000 1.6
125 4300 1.4
150 5000 0.70
160 3050 1.96
180 3400 1.75
200 3800 1.0
250 5900 0.35
275 6100 0.33
300 6300 0.32
400 7600 0.26
500 9700 0.21
580 10800 0.19 3431

Figure 3.13Q  Typical short circuit currents of lead acid battery

In case the DC system utilizes duplicated charger anerpaets, the common practice is to
dimension the switchgear for one set at a time. The switchgear should haveeattwmlizer
interlocked with the two battery incomers so that only two of these three ssvighde

closed simultaneously. The normal operation would have the bus sectionalizer open and both
battery and charger sets supplying their own section of the switchgear.bates and

charger set is to supply the whole switchg#e,changeverwould happen through supply

break.
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Figure 3.131%  Typical DC-switchgear layout for doubled system

3.18.2 AC Auxiliary Supplies

Usually the AGpower distribution at a substation utilizes the same voltagdslend prinic

ples as the normal househe@léctrificationof thatcountry. Depending on the practice and the
legislation in the target countrthe AC distribution system can either bavde (TN-C) or 5

wire (TN-S).

3.18.2.1 Elements of AC Auxiliary System

The man components of the system are station auxiliary transformer(s), AC maihudien
switchgear, AC sub-distribution board(s) and the cable network. As with the D@mauxil
system, the AC auxiliary system can be also doubled. The doubled system vilmddwb
station auxiliary transformers, each supplying their own section in the maibwtisn
switchgear. The doubled system can be also constructed so that the second supphygis comi
from an external source, often the surrounding aerial low-voltage network.

The supply for the station auxiliary transformer is arranged from the mediliage level
side. If there is no medium voltage available at the substation, like a 330/132 kVisapstat
normally the main power transformer’s tertiary (stabilizimg)ding is utilized.

The following figure shows an application where the combined station auxiliary and system-
earthingtransformer is supplied directly from a main power transfos1{ge0/33kV) low-
voltage sideFigure3.132 siows the auxiliary transformer’s physical placement as a part of
the bay layout. Since the 33 kV sideadt20/33kV power transformer ideltaconnected,

thus not offering a point for system earthing, the station auxiliary transfasmalso serving
asasystemearthing connection point. The station auxiliary transformer has a connection
group of ZNyn. The zigzagennectegrimary winding provides the 33/ systemearthing

point. By its nature, the zigzag connection provides also means to limit théaedtrturrents
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into desired level. Theerosequence impedance of a zigzag winding can be influencdd, wit

in certain limits, by the transformer design.
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Station auxiliary and systemearthing transformer as a part of the bay

When the ZNyn-connected earthing transformer is used for low-vok@geower supply,
the magnitude athe available earth fault current on tbe/-voltage side has to be checked,
since the zersequence reactanckthe transformer can limit the current to@nacceptably

low value.
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3.18.2.2

AC Auxiliary System Earthing

The primary AC auxiliary system typically uses effectively direct gdeansystem, having all
the supply points connected to earth. Affected by the legislation in each countrystdme sy
either utilizingthe4-wire or Swire principle

The use oh 5-wire (TN-S) system enables also the use of residuakentprotection in the
whole system or in selected feeders. The residuakntprotection measures the sum current
in all of the phases artleneutral. The sum current must be zero during normal operation.
During asystem insulation faylthe sum current wiltiseandtheresidual current protection
switch will open separating (denergizing) the sean behind the measurement point from
therest of the systenA typical operating current for residual switch is either 30mA or

300mA, thefirst beingused for human protection and thedafbr fire protection.

Figure 3.134
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