{ ty the accurniilaticn -4

i F o8

windings. X ¢ \/ Check your progress 2
Aep for any extended tipres

. — il
Slowed 1o vettle in the
o harden and becrwne Afier the core larmanations

=T 7
s}

AE Eavrr | ,,A = - :
3 AT e *, 4 -y e tIeC Wt
. : . ] k. g . 4 . .
lery Frr rvries - i S 3T IARE s seasrmed frw Edvie o o
; ) 5 . ) F ICARITG LIy it ;: P o A S e 4
» L] "

¥ of ¥t rr, .-"-.';l.f;':'”;",::

apes are transformnier conle

§ s . :‘__ -
Figsy A kesl

J:'Lr".u'-r’}“"; in tre

?‘_‘:r_,.l"l:r:*/' }""..l‘.-f

. P Y A BT [
witl siggnibigantly o1 lad ArE2 DETWeET: 2 sauare with 2 cor
:I il & & # J’ . . - 3 L - .
- ’ 4 N trils sauare wili I}
# lhr.'-.l';"'ff; tre ','.-n"“ir';"‘ ard |
,".I",-'.. :...f}‘-l” Lt/ -.JJ 4

' r3ting below the namepiate | ‘”---rf

In the construction of 2 transformer, state the purcose of freap
|- P r 5 &0 & L
.'rl.‘--',"_.rj'.::-;”uI Wil reduce the !

FIge . - -

i L. . f. kit I |
. 4 B ¢ TR 1 | i r
= i : 4 i i f - - | £
r, Ilr-:f.‘r*.. ’ -r- r ' T 3 r—"{'! -I‘::ll- -I'I -“'.l'r'l".l' ki,[' LE- ¥ I!"', ’ .f-lr l‘:-.l
f p.-r'"‘r 'rF' & [Todh s Kyt ¥ !
e | { i1t 1 - Ik - - TL ;
a o i-,l" ' iEe Ls “( r’s."j - F f-]'l___;:r'r .drr'}r
- ¥ (= r J_* | "y § Ly ¥ ;; 73
Lrweri? 18 .I*._._c-‘['.{"; :: T | !

?r'.!r‘_,- I-.l'rl-l' LR

_frj" e

"f ) La r-lﬂ"l 'l'-r'r'Hfi.'.'l

. sad ik 3 Bl OOeETENOTA

. Leerris Ve (5: = el JLA e AT JE | g . i Lo B .
Perause OF UE Very iaig! Wz ’ 24, (d) silica gel breather filters
I (¥ +

A B e 1 Fei
il ed-CONCTELE ZTEAS are provicie L i

b RriOeTIET, _ . E TRy CAT . : ; -
p—" {h{‘ "I'.F' l.r;;:. ._{:-;“l"{';'. =Te AT ;.--r:f;-r] I'r!'f; p"_r“l ir]_”::- :'}j'l‘:'f ,:f..%-?;.:_f’rf‘-‘ f}f ;‘-.-FJI’,_",‘.- ‘i" ree by frrar liries eact

'y
sof (i T #T 0% .4 .
r i o . A d i, :.Jl,- "1{ F..* i.f:r-' i
prevesd ther striking, nto e grov 1) J & : = § A otbmiticna b
R tterd with smmall 'f.«'i':f-f-l', for the tank (ive priet definitions of e f-”;.:r,*ﬂj-”l'{ eTms wi

rraraborrnes taries A7 . |
1 transforrmer ol

= i b &
iy Bo rrcved RO B

. - . # ' ‘- L] -
.l".’,"‘ff'f“f."' 3res -.f:': "Lnd':.‘ 1= Irlr-":l "'#;’i“fl,-: afii: OF Ir"‘ T f;:J =14 I’Jir"f
#

such a8 clearances of okher equiprnent (b)

1},
11

ridl F'KF.-.-*HJFL orn the restitore e
rhrf T '.: 1 J.f'i;;‘:

(c) ﬂf‘:-’shpnir’r
(d) oxidation

"r‘:‘j' H'I}'II"'JJ?-"'JT"-"..
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(b) Explain why it is necessary to filter transformer oil.

List three factors to be considered when a power transformer i8 10 be

rrarmpr,rt;:d from one location to another by road trailer.

o

% List five major parts of an oil-filled power transformer
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Objectives

When })‘ﬂu ha

ve worked through this section, you shoy]y

be able to

describe the basic features and operation of a

transformer
demonstrate an ur

sketch the flux paths in co
transformer construction

derstanding of magnetic flux, ang
re- and shell-type

' ] ' K value of
minated coil) determine the pea
E:lf‘::gi:t?c flux using formulas, and carry out
calculations relating magnetic flux, voltage, frequency
and turns

describe the construction of the cores, and the
olectrical and mechanical considerations of the

windings.

__-!-"’/-:C
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The principles of the transformer

One of the greatest advantages of an ac electricity supply
system is the easy and efficient manrier in which the
voltage can be increased or decreased according to need.

Electrical transformers are the equipment used to achieve
this feature.

A transformer can be considered a ‘matching device’,

since it matches a given power source with the voltage
rating of a load.

The electrical transformer is a piece of static equipment
with any moving parts being quite small and of minimum
power consumption. This reduces the sources of possible
losses and also minimises the maintenance required.

The operation of a transformer

The operation of an electrical transformer is based on the
law of electromagnetic induction which states that

if a conductor is placed in a changing magnetic field there is
an emf induced into that conductor.

Regardless of their size and function, all electrical
transformers rely on this principle for their operation.

In its simplest form, a transformer consists of two coils of
wire mounted on a common closed magnetic circuit. The
coil that receives energy from the ac supply system, and
produces the magnetic field essential to the operation of
the transformer, is termed the primary coil. The other coil,
which is designed to deliver energy at a higher or lower
voltage to the load but at the same frequency, is termed
the secondary coil.

It is important for you to note that the fundamental theory
of transformers is based on the premise that the voltage
and current waveforms are sinusoidal, as only sinusoidal
quantities are faithfully reproduced in an electrical
transformation process. If you were to look at these

© TAFE NS MENTSTISY
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//; oscilloscope, or CRO) yoy

: athode
waveforms (onac -oforms are not absolutely

would see that the wg e
sinusoidal, but are slig _
to compensate In your &
these techniques Wi

hthr diStﬂI’tEd. You Shﬂuld I."_'je able
alculations for this distortion, and
I be shown to you in later sections,

Figure 1: A simple transformer using a laminated core

Figure 1 shows an arrangement for the coils and the
magnetic circuit of a simplified transformer. The}prlmary
and secondary coils are denoted by the letters ‘P* and ‘S’

When the primary winding is connected to an ac supply
system, an alternating flux is established in the magnetic
aircuit; this flux links both primary and secondary coils
and acts in both directions between the primary and
secondary coils. As a result, the secondary coil has an emf
induced into it, and this emf produces a current in any
external load which may be connected,

The primary coil also has an emf induced into it (from the
action of the flux linkages of the current flowing in the

secondary winding), and this (reversed) emf acts to

oppose the supply voltage. The difference between the

supply vol!:agg and the (reversed) emf induced into the

\

__-l""-'. .
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Figure 2: A simple transformer using a toroid ‘doughnut’ core

The ammeter can show current flow in both directions,
being swapped if it is a centre-zero type, without the
connections. It is better to use a galvanometer here as it is
very sensitive to small currents. Take care when using a
galvanometer because of its greater sensitivity and its
likelihood of being irreparably damaged.

Current can flow in the primary winding when the switch
is closed. The current is determined by the resistance of
the wire and the voltage of the battery. At the time of the
switch closing there is no current flow, and it takes a short
period of time for the current to reach its maximum value
after closing. During this short period of time, while the
primary current is changing, the ammeter in the
secondary circuit shows a current flowing.

While the current in the primary is constant there is no
current flowing in the secondary and the ammeter shows
zero amps. When the switch is opened, the ammeter in the
secondary shows a current flow for a short period of time
in the reverse direction, then no current when the primary
current has returned to zero.

The changing primary current produces a current in the

secondary. Constant direct current produces no current in
the secondary.

In practical use of voltage and power transformers the
secondary is normally not shorted with an ammeter. (This
could have disastrous results due to the high currents
produced.) You can do this with your experiment(s)
because you can control the voltage and currents
produced and keep them very low.

This experiment was first done by Michael Faraday in 1831,
and can be done by you if you have the equipment. You
will need a ‘soft’ iron ring and a sensitive ammeter. You

Ammeater
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through the Tng: / / .
| / \ / e
An expfanafmﬂ ; -1\ rr- o — //} : D:r -
y * - i of motion
_.nnot be stepped up ©f down by a : i (Y
Direct current CaI Je current is a constant flow in one : ving
transformer, SINCe { \ Outwards
direction only. ] o
; e . Armows indicate
ating current, a5 the name Suggests, 15 ah; ay i ; ; \\ s,
g Using a transformer, ac voltages can be stepped Stationary / induced voitage
changing. no voitage Otbscisn
up or down. i Dfi;qecubﬁmm { rr'l
When a current passes through a wire a magnetic field is : ' =
i€ a : : - 13 '-‘ A S _..--"'I
Pl'oduced as shown in Figure S HpIENC E;l ﬁ: gflay \ ! g
/ y I . ma C . <] | = —
also be called magnetic-field Lines, or magn \ / \ Moving—~
force. \ / inwards
% = = /
N Sae
Figure 4: Inducing a voltage into a conductor that is moving in a
magnetic field
Figure 3: Magnetic-field lines circle the conductors in the directions
shown
If ;; Wire is kept stationary in a constant magnetic field a
Eigl ;age 15 not induced; but if the wire is moved, or if the
(moves or changes, a voltage is induced into the wire.
These it
e W:Eidélﬂns a;e shown in Figures 4 and 5, where the
iltapenis conductors indicate the direction of induced
g these conductors.
"'"h..____..-"""‘ ""‘\._____,_..#""
Magnet moves to the left
Figure 5: Inducing a voltage into a conductor when the magnetic field
is moved near the stationary conductor
S

7762AD. 1 Power TA& © TAFE ISW s v



e

1 - Figure 6 form the basis of

The orincples Hlustraed & smary coil produces a
ihE i ot 15, e Fn-’-' : .
ransformer acBOR 55" 7 oy cuts the secondary

nd the dElighic

Figure 6: Magnetic-fiux inkages between two coils in air

The wire, or conductor, must cut magnetic flux-lines, or be
subjected to changing magnetic-flux lines for a volta ge to
be induced. This is why, in the experiment illustrated in
Figure 3, the constant flow of dc current did not make the
ammeter pomnter (needle) move, but current appeared in
the secondary at the instant the switch in the primary was

Operated on and off. In this way a voltage (and current)
were mduced into the other winding. |

€CHons around the first coil:
2 t coil;
from the primary :ﬂmsmﬂ Percentage of flux lines
shown in Figure 7. HDW&E linking with the secondary, as
used to hold the pri €T, When the ‘soft’ iron ring is

@ greater %mfﬁd oy dary windings, there is
Detweer, the pri : hn.kmg Mmagnetic-flux lines
" secondary windings,

7762AD: 1 Power Tras®

Figure 7: Magnetic-fiux linkages betwsen two coils wound onto the
Same iron core

The iron core is therefore a necessary part of the
transformer. It is not usually made of a solid piece of iron,
but sheets of transformer steel (called laminations). These
laminations reduce ‘eddy-current’ losses, which will be
discussed later.

To induce the same magnitude of voltage into the

secondary without the iron ring needs a greater current in
the primary.

The magnetic circuit operates more efficiently with the
iron core in place.

There are two shapes that are used in iron cores to which

the primary and secondary windings of the transformer
are fitted: core and shell types (see Figures 8 and 9).

YR

2

=

4

)

Core Shell

Figure 8: Core- and shall-type iron arrangements for a single-phase
transformer
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High- and low-voltage

High-voltage Low-voitage
NS

Windings windings together
windings '
. Figure 10: Operation of a transtormer with the primary supplied by an
Fiqure 9: Core- and shelHype jron arrangements for a single-phase ac voltage
transformer with windings fitted :
| More turns on the secondary result in a greater voltage for
Figures 8 and 9 show the two core shapes, together “'“h_ the same magnetic field. The frequency of the primary ac
windings fitted and the resultant flux paths whe_n the coils voltage determines the rate of change of the magnetic field.
are energised. In the construction of larger transformers

the method of placing the windings onto each of these
types of cores may be different.

You have now learnt about the principles of the
transformer, iron cores and sine wave primary voltage.
Next try the Check your progress questions. Working
The windings are fitted to separate sides of the core form;

through these will confirm your readiness to proceed to
the next topic.

however, for the shell form for large transformers the
primary and secondary windings are formed separately
and placed over each other on the same leg of the
transformer core. For the smaller transformers (as found
in rectified dc power supplies) the windings are often
tormed together and fitted to the core as a single winding.

Sine wave primary voltage

: oltage in the secondary
¥ Sinusoidal

AZEtc il in the gope L, SUCh a5 the strength of

Tansformer core. A4 :}?i? and the quality of the steel in

: fact S3g€ you may simpl
:ﬁgkﬁd ?Oltag:e-ﬂ?:; can be Neglected. So, the grezter the

- IMary current and the
Secondary 'fﬂ'ltagemc fuxand the greater the
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Example 1 |

p—

Inda;;g - yoltage calculations

A single—phase transform

; former has 480 m

wind turns on th i
ing. When 2200 Vimg at 50 Hz is appliend tmetﬁeri il |

primary calculate the maximum flux

e
gov by Step 1 |
..“. ’.I'
List the knowns and unknowns: |
E =2200V,,,
G, Formulas f=50Hz
FT iy N = 480 |
\ The relationship between the frequency, the strengtll‘! o A :
' netic field, the number of turns and the applied or % i
the mag he represented by equation 1. This
induced voltage can bé rEpres=x £4hie sechion Step 2 I
equation is derived in Appendix A 0 ;
1% ¢ K I ]
1 | oy ELoan (equation 1) List the formulas and solve for the unknown: |
i i
L o/ ~ where: E= % N 5
ol E is the root mean square (rms) voltage induced : %
' f is the frequency in hertz (or cycles per second) or E=4-4fNo__ i
,-_‘-.' ~ ® is the field strength in rms webers (Wb) 0 I
® N is the number of turns of the coil. ) Substituting;
Note: In equations like these 21 often occurs because we | 2200=4-44 xo0x480xd |
need to convert the value of frequency, in hertz, to radians T e 2200 4
per second to give us the result in the correct units. ™ 4.44%50%480 |
_ =0:02 ;
4 Although you should refer to voltage in rms values, field 063 Wb (or 20.63 mWb)
_ strength is normally referred to as a maximum If the peak value of the flux densitv i
. 1s 11 t
. 4 instantaneous value, or peak value. Expressed the cross-sectional area of the corf? B et
r > mathematically: (Hint: Remember, flux = flux density x area.)
q)n:ns = q}n&‘ (Dmﬂ! = maxA '
2 I |
f'r where: |
. | Equation 1 can then be rewritte |
. 185 | Drax i the flux in webers |
2 Bmax is the flux density in teslas i
= __ﬂ‘qq) A i . :
57 max is the core cross-sectional area in m?.
E=4.44fNo ' Then @, = 0.02065 Wb
N, (equation 2) ,: and Brax= 11T Ii,_

|
B |
i
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Subﬁﬁmﬁ-ng gﬂ'ES

0.02063=11x4

A= 11
-0-01877m"

Guided exercise 1

: has 80 turns on the primary.
A single-phase transformer nac s t
When 240V, at 50 Ha i applied tothe primary, th

mum flux density is 0675 T. Calculate the maximum
m?ui,f the flux, and the cross-sectional area of the core,
vaiue C '

_ L S
(Express your answers in engineering notatio )

Step 1
List the knowns and unknowns:

E =240 Vs
f=50Hz

N =80
B=0675T
D=2

ik

A=7?

Step 2
List the formulas and substitute:

E=4-44fNp__

List the knowns and unknowns:
Epn'm = 2200 Vm

f=50Hz

Drax = 002063 Wh

N=9p

ES-EC=?

Step 2

List the formulas and solve for unknowns,

Let's first calculate the secondary voltage using the value
of flux given:

E=444 N
Substituting:
Ecee =444 x50 x 90 x 0:02063

S0 Eec=412:58 V.. measured across the secondary.

As a means of explanation, we used the formula and given
value of flux to calculate the secondary voltage. There was
no need to do so in this case, and the secondary voltage
could have been calculated from

Erﬂm:NPﬁm
E

gea 4 LN

Sec
Substituting:

2200 _ 480
E_ 9

This means the volts-per-turn ratio is constant for m |
winding on the core. P

e

[ '_' -
. DT e g ey e R S




- o | - ” [ ___‘_-\|
— - ' Y . between voltages and turns results —_—
¥ Thedlrect &Fﬂ;h;fgg that the values of frequency ang =~ T A —— |
s e B winding M Checkyour progress 1 PR o b
. 1 A single-
Guided exercise 2 winding tnd 00 pher 2 tTansformer has \od)tums on the primary
_ Windios e CDIHIECTSE? on ;lae Sicondary winding. If the prima
: o i
A single-phase 50 Hz transformer h;s 80 ct'z;rlscm If:—l;l‘:h.ed. mducef into the semndaary wt;ﬂcilgéns} FRPR e e
i A% 400 turns on the se Y Winding ;
Eﬁ?ﬁiﬁg is connected to a 240 Vigyye Supph,:,g : iiiﬂggﬂhﬁjﬂf‘;ﬁ nﬁmmer With 60 turns on the rimary
‘ : dary windine ok Oa rms volt supply. The resultant peak
ine the emf induced in the secondary & flux density is 045 tes]ag . Cal
determin Cross-sectional arez of thggﬂrj sie e peak value of flux and e
Step 1 You can check your answers at the end of the section.
List the knowns and unknowns:
Epﬁ.ﬂ'!. = 2‘40 qu
f=50Hz
N - SU =t
Ew=7? 2
'
Step 2 Gk
List the formulas and solve for unknowns:
- - N iim
ES-!E M&.‘C :
and E=4. 44fN¢ma.x
From
E i 3 Nee
Eee N_
o 20 8
E. 400

S&C
Y
alij: I;n;}; ;vfxgh 0 repeat hs Calculation ysin the
& o ula, where Youneed to caleylate @

. ==
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Earlier in this section you read that part L_*rlf] t}?eze ;eam;—lg
materials will be calculations and Eart will be ae :T;I?m ve
material to help you visualise tlﬂfe devices 1;; are ] ath g
about. Let’s commence descnphonﬁlb}fklﬂﬂ g ?, f 31
transformer magnetic circuit and xxrlqdlngs. Both of these
Jre related to the theory and calculations covered earlier.

After working through this material you should be .able to
describe the construction of the cores and the electrical
and mechanical considerations of the windings.

Magnetic circuit

The magnetic circuit, or core, of the transformer is made
up of thin laminations of selected steel. Materials in recent
use include 0-335 mm-thick steel containing about 3:5 per
cent silicon content, cold rolled to achieve grain

orientation. One side of each lamination is coated to
provide an effective high resistance between adjacent
laminations. This is done to reduce eddy-current losses in
the steel core. These and other losses appear as heat

lginerated inside the transformer and will be considered
aler,

Lr; considering the dimensions of the cross-sectional area

2 ﬁar;i limb of the magnetic circuit, it is not usual to exceed
eld-strength value OF1-8 teslas. In construction, the

magnetic circuit is built up, lamination on lamm;at;ion,

until the required cross-section of steel has been reached.

_ aluminium. For a number of
:S;Sg?sésm;gﬂy to do with having a suitable shape, these
and layer wi :F““‘d 50 as to have a tubular (for helical
Bt ﬂ'lesemh;?rgsg or discal (for flat windings) shape.

1 cir
explained in som cular centre, These shapes will be

‘ ] Etail.r
sheet’, may be Encuunter:il:; hhnugh PhifE shapes, suich a3

e

still allow free space as
: needed to allow f
of a cooling medium, such as air or oil or the movement

Each section, or limb, of the ma efic circuit wi

vtrmdmg fitted to it needs to haf: a circugitu‘:n rtz;ly
chular, cross-section. This is difficult to achieve usin g
thlp Iamahons unless each is of slightly different width
to its neighbour, and the cost of such a range of sheets
*_wnuld not be economical to manufacturers, A compromise
1s reached where, depending on the size of the transformer
apd other factors, the sides of limbs where windings are
fitted are stepped to optimise the filling of the circular
winding area of the coil (see Figure 11).

Figure 11; Cross-sectional diagram of stepped cores (a) without
cooling ducts (b) with axial cocling ducts (c) with axial and transverse
ducts

When a corner is to be constructed into the magnetic
circuit it is necessary to interleave the sheets of steel. This
is done to keep the airspace at the ends of the butt-joined
laminations to a minimum, as this airspace inhibits the
easy passage of magnetic flux in the core.

Historically, this reluctance was minimised by
overlapping at each corner piece. In more recent
construction these sheets have mitre joints that only
overlap a short distance. This has been found to be more
effective in making use of the grain orientation of the
laminations.

Figures 12 and 13 show examples of mitre-lap corner
joints. Although many of the construction diagrams

included show three-phase transformers, the details
explained are also relevant to single-phase transformers.

7762AD: 1 Power T ¢1 \
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® ABE Trmission and Diambution Limted
Figure 15: Heavy-current hus-bars fitted to the ends of coils

On top of this assembly, the insulation wrapping and

mechanical support are fitted to hold the complete
assembly together.

After the transformer windings and core are fitted into the

tank, the electrical connections that must pass through the
, | ide i made to the large |

moniéfmiﬂﬂitr%ﬁf f:?t;z form part of theg tank lid Figure 16: Complete unit of a 22.5/45 MVA 132/33 kV transformer

P Hngs : X

The lid is then fitted and bolted to the tank to give the

finished product.

& GEC Alsthom

Figure 16 shows an example of a complete (three-phase) Coils or windi ngS

transformer, including additional items that will be
explained later.

The essential working parts of the transformer are the
coils that carry the alternating current and create the
interacting magnetic fields. Coils are generally wound
from copper conductors (hence the term ‘copper losses’

when referring to IR losses) but aluminium is also widely
used.

These coils are commonly made in three basic shapes: as
helixes (Figure 17), layers (Figure 18), or discs (Figure 19).

- 7762AD: 1 Power Transformers
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Figure 17: Helical windings (a) simple (b) semi-helical

Figure 19: Discal coils

Each of these different shapes is pre-formed or wound
from insulated conductor of circular or rectangular cross-
section, before being fitted to the limb of the transformer

core.

The insulating material used here is usually eitheran
enamel coating on each strand (or strands), or a wrapping
of paper (which becomes impregnated with oil), thus
forming insulation between adjacent tums.

\
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3o cheets of other neulating material are used' to
BRREEHIEN, 3 Ee tf ramns from those above and below it,
separate 0ne la{. e{,: amount of heat generafed b\. the
Because of thfhn aﬁ*h e irdtir {dge . ER) it is
e t:‘:pacﬁ between wmdmg layers apd
mﬁ:\ﬁ rree movement of the cooling medium
E.;thtt;ka the heat from the coils.

. 32 .1 conductor strands are wound
" heﬁ“‘ll“ﬁiifﬁ:g & S ofthe col to the other, with
<k 5111_1;‘: acers fitted between tums to permut oil
qm*ulaﬂ{ia ?;:Lcmling. This type of winding 1s used where
;i:?ﬂt:;c;nand large conductor Jeis-sgfﬁﬂn 1S re:i:iulfed, as
in a low-voltage winding (Figure 20). (Note ma?t:::a]u
voltage is the lower winding voltage, although i e

can still be quite high.)

JH

Figure 20: He'm]andmcoiEnnshgie-phasezﬂ-m%cVAthfﬁ
2210-5 kY transformer

Dm:al WINAIngs, as shown in Figure 21, resemble helical
Wmdmgs however, unlike the helix with all conductors in
one horizontal array, the discal winding has multiple

wims in the horizontal array so that it appears to be a disc.

1on for a disc windine ; .
vo amgisinahi
mmmm&emfﬁmhﬁu'elvmaﬂbut
= i i
TI62AD: 1 Power Trars”
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Figure 21; Interleaving discal coils showing intemal transposition and
external crossover

In a layer or cylindrical winding turns are wound like
threads onto a spool from one end to the other and then a
crossover is made, as shown in Figures 22 and 23. After
the insertion of an insulating layer and a cooling duct, the
next layer is wound back over the first in the reverse
direction. The number of layers is not limited and may go
up to 20 for very high-voltage windings. This process is
mainly used for high-voltage windings, but may be used
for low-voltage windings in which many conductor
bundles may be wound in parallel for each turn.

& IIG

Figure 22: Continuous discal-coil winding using four wires in paraliel
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Figure 23: A three-phase gistridution transformer in course of
i e e hOon

Another feature to be incorparated in windings is the
. o~ ‘::l‘- :

;‘ff‘ﬁ :i have a range of different voltages, or tappings,
9§ @ken from the same coil. This is done to give a

choice of '-‘Gh&g&s witho :
_ 0 out having to wind > 01
or each of the voltages sought. 2 el

- gh under, or
'S are then formed to be
ted within the enclosure.

when mnsﬂdering the ¢

3 ranstormer as i
complete generation as an element in a

and trarvsm'tsaiun system.

After ¢ ' |
lh;;r;izilmctmn and during assembly, the windings of
sformer have to he electrically insulated (isﬂﬁffd}

from each other '
and from the steel laminss
ends of the winding cﬁnductu‘ Amiriations, and the

connecti '

s r:;:}:‘; to other equipment outside the transformer.
é Ple of a three-phase transformer with the high
current connections from the windings to oth o
components is shown in Figure 24 cihiss

© ABS Transmission and Distribution Limited

Figure 24: Core and windings of 300 kVA 650/433 V three-phase
distribution transformer

It should be noted that within the winding shown as (a) in
Figure 17 a number of the individual conductors of coils
(in the centre of the winding) are ‘transposed’. This is
done to assure equal load sharing of all parallel
conductors of the winding.

As has been explained previously, one of the limitations in
the constructon of transformers is the matenial that is
used to provide the electrical insulation of the coils.

To minimise the electrical stress that the insulating
material can experience, the gradient of voltage at vanous
parts of the winding influences the type and thickness of
insulating material used.

TTOAD: 1 Power Transformers
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tside the 10“53::123;}5%};?11125}; | Tran Sfo rm e r COnStru CtiOn

voltage ' . thed parts of the
_ mt to ear
maintain the voltage gradie ore is an integral part of the

rransformer. As the magnetic core IS a% * pa
q:arrn d is connected glectrically tm_ the tank
ey -voltage winding closer to the

' ' low
feagnhggz’;}mpa?nn %I‘lt:leligh-vnltag? winding we have the
ma

oltage gradient, from high to low to earth, as uniform as
‘* ’
pos.sibf.e. : !

Cnnh;numg from our look at cores and coils, we will now
examine the construction of transformers, beginning with
the transformer tank and lig, following on with thwa-g

bushir \gs, the conservator tra :
g . transformer oil, to :
synthetic dielectrics and inhibitors. gether with

When you have finished this next part, you should be able
to de:?,mbe the purpose of the tank and conservator
bushings and oil, relative to the construction and
operation of the transformer,

Transformer tank and lid

The “electrical working parts’ of the transformer consist of
the coils and steel laminated core. These parts must be
protected both from mechanical damage and any electrical
failure resulting from insulation breakdown. This
protection is provided for all large power fransformers by
a steel tank.

The tank must be large enough to contain the electrical
windings, core and so forth with sufficient strength to
allow the complete transformer to be lifted and placed in
position. For mobility, wheels are usually fitted to allow
final positioning. The tank is fabricated ‘open’, and a lid is
fitted after the electrical windings and other fittings are
placed inside.

Because the tank is filled with oil while the transformer is

operating, a gasket is fitted under the lid to prevent any
leaks, For safety, the tank is always earﬂ'led and the
electrical connections are carried th:ough the body of the
tank via holes fitted with bushings to insulate them.

Aniinportantﬁtﬁngmmemnkist}aeﬂﬂ-dnﬁnmfue.m

allows the tank to be drained of oil (to recqlucenst

weight when being maved between locations) and for the
connection of oil-purification eqmpmmt,lf the oil needs
any special treatment during the life of the transformer.

— T '
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Bushings

There are generally WO ty

voltage transformers I Au:l A
their maternial and constructon

I
i.!n-'.'d-l-

pes of bushjng used with high.

tralia. These are identified by

ither ceramic or oil-

.« entirely porcelain, with a hole through
The ceramic type is entirely pC on. Metal
ne el } connection. ivieta caps are

n L3 E

putside the tank.

An oil-filled bushing consists of a hp]iow p{rrc{-e]ham
;-.-im&er with a conductor through ifs v:ernitrli'ﬁu ; Sgta};:e :
between the conductor and the por.:ela_m 1S nlled wi ’ oil,
as an insulator. Ol is fed into the bushing at the top w hgre
a glass cylinder acts as both an expansion tank for th? oil
on 'neati.f\g and an oil-level inchc:atf}r- _IILSi_ﬁatmg gleex es
are placed around the central conductor in thehoﬂ to
prevent impurities in the oil from forming radial

Eaied:rim} breakdown paths.

Cast-

g- Special care
type of bushing.

Conservator

Oil 15 used In transformers as g cooling (and insulating)
medium; however, the presence of moisture or dissolved
Oxygen in the 01l can cause major problems and
breakdowns. In Australia, it is general practice to have an
oil-expansion tank, called a conservator, fitted above the
transformer tank. Its purpose is to ensure that air and
moisture cannot directly enter the transformer tank, by
keeping the tank filled with oil (see Figure 26).

The level of oil will vary in the conservator due to the
expansion of the oil in the transformer tank with
temperature change. To prevent pressure failure a breather
pipe ensures the oil pressure is always at ‘atmospheric’.
The displaced air is filtered through a layer of calcum
chloride or silica gel, which extracts moisture from the air
S0 avoiding contamination of the insulating oil.

It is not possible to completely prevent oxygen from
entering the oil, but with the correcily sized connecting
Pipes the movement of any oxygenated oil into the
transformer tank can be minimised.

With a conservator fitted, the oil exposed to the air in the
conservator has a much lower temperature than the oil in
the main tank, and the exposed surface area of oil is
smaller. This ensures that sludge formation is reduced.

With the main tank completely filled, the possibility of a
hydrogen—oxygen explosion due to internal arcing is
eliminated since there is no longer a vacant air space in the
fank.

When a conservator is fitted a pressure-relief device must
also be fitted, as the use of an expansion tank complicates
the effect of gas evolution in the event of intemal arcing.
This pressure build-up of gas may be very rapid and,
without such a relief device, the tank could rupture.
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the following contaminants

. for
The oil is regularly t sted

wible fatlure!
v possible f | o
£ 1Ium¢attt'rnxldﬂhnn

i ¥ ¥
o sludge and actdity A
s olectrical sln-n,,:lh
s COrrosive mp!hn:

loss tangent (and resistivity)

. - l" J -. .
Karl Fischer method using a single

o water content (the
buffer).

Synthetic dielectrics

Nonsinflammable liquid dielectrics were “f""‘d In the past
in the limited range of application where fire hu;j:nn;l was a
very impnrhmt factor. These non: inflammable L'flt‘]li‘t.‘mcri
were once usually chlorinated hydrocarbons known as

PCBs,

Due to the serious risk to human health associated with
the use of PCBs their use is now banned.

With the improvement in higher-temperature insulation,
dry-type transformers are now commonly used instead of
synthetic dielectrics.

Inhibitors

Adldilives are now widely used in the production of
::ehnmi mineral oils for insulation to give them special
:}t\;t::ctifl:lsr_ucs. Lne of the most Important purposes of
e :m r&.ﬂ :1ddlh\'.ES 5 t0 provide oxidation stability of a
. Buer order than can be achieved with minera] oil alone,

U08 where they ma y prove to

€Xam .
\}me in the upper floors of

|

TT62AD: Ewer_fmmfumwﬂ *:
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* ftransformers used for semiconductor devices
* starting transformers

* testing transformers

* ftraction transformers mounted on rolling stock
* flameproof transformers

* welding transformers
* voltage-regulation transformers

* small power transformers where safety is a special
consideration.

Cooling of dry-type transformers is usually more difficult
than for oil-filled enclosures, as the heat needs to be
carried away from the windings by air convection or the
fitting of a ‘heat sink’ device in close contact with the
outside of the windings. For this reason the insulation
material used on the windings is normally of a higher

temperature rating,

Australian Standard AS2768 (1985) Electrical Insulating
Materials-Evaluation and Classification Based on Thermal
Endurance, provides a table of classification of insulating
materials and their respective assigned temperatures:

T762AD: 1 Power Transformers

& g NIW Py A




| Assigned
temperature

90°C

105°C

120°C

130°C

| 130
: 155°C

| 155
180°C

j 180
b 200°C
200

220

! 220°C
|
250°C

I 250 | —
| | Corresponding ,I
mtervals of 25°C

__“I

| Thereafter in
’ intervals of 25

The assigned temperature is determined from:

assigned value = ambient temperature + temperature rise + hot-spot aly

Because of their lack of oil, dry type transformers do not
have conservators and are usually constructed to be of
minimum height so that they may be located in restricted

in an electrical system
¢an be a major undertaking. To
aﬂby either road or rai] requires

B transformers by road the route needs

height of OVerhead mbﬁgd -‘fnuch S rond gracier

Capacity of brig d Structures, and Joad
beforehang T198eS to be croggeq must be assessed

2B e a;e sOmetimes used, althnugh
limitatin the physical s5ize of the
ONS caused by track curvature,

tr er
rances of
. Ctors, s mﬁek and overheaq electrical
Tt comnonly geg

TT62AD): 4 Power Transfarmers
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(Wﬁight) of the transformer to be

. _ 11 AD1y shipped ‘dry’. This means that
?.I"I,Sl,flﬂtlng 011. is delivered to the site and the tank filled at
its ﬁn'al location. To €ase handling and reduce mass all
associated pumps, PIPINg, conservator, insulator bushings

aﬂ111d l)t:-:-at exchangers are removed and then reassembled at
e site,

During transportation all Openings to the tank must be
sealed to prevent the entry of moisture or foreign matter.
As the coils have all been “dried’ before leaving the
manufacturer the absorption of moisture by the insulating
material is to be avoided. This is sometimes achieved by
filling the sealed tank with a 'dry’ gas at a pressure above
atmospheric for the time it is being transported.

With working lifetime of 25 or more years, a transformer
may be reused at a number of different locations in this
period. Their handling and transportation at times other
than immediately following manufacture introduces some
potential problems.

When in operation the transformer needs to be kept at a
safe working temperature, however, even this
temperature has an effect on the insulating material used
in the windings, and can cause it to deteriorate. Usually
this results in the material becoming brittle and
discoloured, with any vibration causing it to disintegrate
depending on the degree and duration that the windings
have been operated at excessive temperatures (called
‘cooking’). Insulation which has failed to this degree may
allow adjacent conductors in the winding to touch, .
resulting in short circuiting within a coil or between high -
and low-voltage coils. In addition, if the tzmk is held
empty of oil for any considerable period this may cause
the insulating material to dry excessively, with a similar
result. Failure of the insulating material inside the coils
during transportation has been known to render
transformers unusable on delivery to their new site unless
the winding assembly is to be completely rebuilt (at

considerable cost).

7762AD: 1 Power Transtormers
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On-load tap changers

For electrical distribution sy stems where large varia
rrent regularly occur and where continuity ﬂfs; ! :

"\3.,. Cul
important, it becomes necessary for the supply mhm‘ﬁ

he fitted with on-load tap changers.

On-load tap changers are significantly more complex ﬂm"“ﬁ-—
load tap changers because they involve the use of ad _

heavy duty switching contacts for making and breakl:ns ]u&

iI"-'JLJL,H. e CUrrents

Although there are many different designs of tap Changg
“’F—’“aﬂL"-T"E‘a al P{};:E"% i’i"‘E_ 'Ff)”l"ﬂ Ing fEEhJI'ES

s 2 r‘,-,j-ﬁ-l p;' imﬂ@d&j"{[ﬁ to prevent short ClI'CUJhTIg ﬂ'lat
“F"GT&G

* 2 duph*atﬂ circuit arrangement to enable one circuit to
maintain the load current during switching of the cther

Ihis involves the use of heavy duty diverter switches in

addition the normal tap position selector switches.
A typical arra ngement is llustrated in Figure 18 which shows
the tapped portion only of the tr

pped portion only '€ transformer winding, :

E:.lgﬂjfﬁ lE;i&_ to (g) shows the six separate steps involved ina
"dF tﬁarE'&' Tom position T'I to Tﬁ

F"':I"‘ re = "._Ir'_ y
;r._a _l..'-':p'-_j_r-#?.:j l-r.rlll:;-‘--

e 15 Operating in tap position 1

"l @ 12p position change is initiated
F
4

igure 18(b) ~ Diverter switeh TV .
, €T switch D1 opens. Note that load current

iNameaqa bv Y 5
med by diverter switch D7

"7‘i-;-:{'ﬁ ] ap se +r+rr; ¢ h
0 tap 2 without L 0" SWitch ST moves from winding gl
5 2Ll LT .C ‘l‘rg _r-ﬁ"'__} 1 FE '_,_‘

1red 1o break any current (D148

'J;_',ra'-'r
P-‘;.T-Jrr'.’ ,"J'l""j - L’]] - 1

T '*-"TJ":’}-' the

WO ;:‘ eTweer ta Ry brldgu‘tg thﬂ' SEMOE

& r d l‘

value of ‘short.cs i o and2. The - Impedance prevents thes

i ] Urrer f

et flowing from being exm

T )= D2 Opens
Current 6 £ HIETEDY break vy
ITTENHt flowine - o y ing the heavy ind

d'.p:.j,;:r .fr_.!r_._ [__f m 2 4 é

»aintaing the load current. .

igure 18(f) _ o
wMIE I - S2 i
ik JLUJIVE 11

IrTer4 . J ?:-_;" D4 - - 5 - " .
'l:'.'. - r') r"' JJ}t;r_'J_p TJ’_’ ththc’ut brmw

e

Figure 18(g) ~ mwn..
the circuit is now in positio
operations,

¢
¢ T4 D1
T3, &
T .
= Impedance
82 D2
¢ Load current
Line or
(a) start poing

VY Y Y o

D1

( T4
73 o

(o12°
T1

5 S2 D2

(e)

TT7e58 -"; l_'!b:._:,_-"r-__d..m.-

T4

T1
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Exam le 3 | _ ‘ It‘-’”
Using Figure 15, determine the expected % vol

i with 10% resistance and 50% reactan
the following loaded conditions: |

(a) full-load 0-6 power factor (lag)
(b) half-load 09 power factor (lag)
(c) half-load 09 power factor (lead)

!I.‘I
(d) full-load 06 power factor (lead). If the rated outpug e
of the transformer is 240 volts, what terminal voltage
would be expected for each of the loads (a) to (d) abpye

(¢) What is the load-power factor at which zero regulagi
achieved ? i

1 1 : i
- = s
. n we . ~ 5:'." o
: | ) ] ':;,? r‘:'ll.:';- r . i . ’ e - T '_ ¥ -
| | i g g F ;-' A —=—— e 1 ta [ £ 1 = i
i . =TT HHH; ' e U U Outmhut
= 1 = w P,
4-6% = .-.
I - ;4'-.-'_;' = ' ! ’ !
m‘ N = _ “rminals of the second- =T Tt as U
3 - d e ; -
i I’ tl‘e - " as

= LI

t of I; .";‘e_'f.';{f';;:'.-' y

i
» TE

. e eSS
| ]Bat lm_ ﬂ::};tﬂ,il“l':,ﬂr'.lp-].fl ‘..-l' alving ; ] LGN

Seetle o

ing electricity |
.-p Lo .‘.: . ..IE
g IJ.? : .- _
: - i _ = )
H '™ w - .-- :F
E : 4 1€ t
| |
8 d e . i
@ -1.2% : ::

N

l& -

e limit the mz ':?;E;i;ﬁ';-;f;_;,_;;'; fault-level current, and
i e ambatr . : _I-_I- s . . X =
L = I . -

¥ " ! . '. 1
* provide poor voltage regulation as th

9p

Transformers with low Z,.,. valuesact to

» allow large values of fault level current, anc

0 8 15 a0 o T r
a5 80 s 0
gve:‘ LML :. :;;}_EI’.-_;"I‘_JI_'_-* |' : L) c

N A 1 Do :

Pow
rfactor angle degrees (veis LAG) |

e Reg ig low V | v full load + h
.' Ve Reg iy nigh v I?:g:l s

To allow the voltage to be compensated UPWAIES W EP 2
transformers are fitted with dev

}r!“i-“' Ei' rcl a

Figu :
gure 15: Markef:!-up copy of Figure 14

TT62AD) 3 Power Tra i~ .,_”_:.

& T
e T



—— I mmﬂﬂecled t - x‘ -. ,E,-.:
:’Pﬂ'oeWﬁldhlEW that minor changes can be o
overall output voltage as the load current varies.

1< for transformers to be fitted with tap changers ar
ucr?ﬁlls-af:raﬁgedf turns at the end of the mﬂ,g&l; 1
brought out to be connected to the tap changer. Thes
(called “tails’) are connected to ‘studs” on tt_ze;ggp: cha
these studs, or wiping terminals, have a ‘wiper’ w
to the wiper inside a rheostat. As the wiper moves |
stud to the next the (different) voltage at the stud is
to the wiper, which is connected to the output te
transformer.

= o
ININal of +

£
The special consideration in understanding the ope: ; He
tap changer comes when we realise the magnitude of
that needs to be interrupted, and the effects (sparki
surges, etc) that come with switching such large curr,

To solve some of these problems tap changers can be either &
M or ﬂﬂ"loﬂd devm - .- "j:.n..--- &I o71-

r 1

Off-load tap changers

Wper Tappi
stud e

vVéa T
iy

Load
current

Circuitry of OFF lgad tap changer

______

-t-._._h-‘-u-‘-—_

Sl

-T zl..

If.’.
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At the rated operation of each transformer the follgy;

nit resistance and reactance vn.]tag.-e drops were defa 8 Per.
: rmer equivalent circuit. _

_—-——'—--__-_-_-_ r . .. o . .' i

for the transfo

Transformer A: 75 kVA transformer 0-02 pu resistive, j ﬂ-ﬂs
s = TR

reactive
ransformer B: 50 kVA transformer 0-02 pu resmh"ejo. |
reactive X "y
q,
Determine
S Y (a) the kVA load provided by each transformer, and
: (b) the operating power factor of each transformer,
e | Solution
e The transformers are of different rating, so to use the Per-unit
P method it is necessary to bring their per-unit values toa
EX 4 7 common base, which has been selected as 75 kVA. (You ma
" kS need to briefly revise Section 4 to check the method of y
e converting per-unit values to a different base.)
. :-,,. | Converting the 50 kVA transformer values, 0:02 pu resistive
N . becomes B ek
N 0-02
7 N e 0-02 ..
L‘T.}“T R = A #':‘=D'03 Pu
A 2
_:. ¥ and 0-04 pu reactive becomes
'i.?#.. : =
i 0-04 __
."'H':,- qD'J‘- ::*=;El-06pu
2 W el e,
S5 toa /5> kVA base.
g The load carried by transf i
= 2 yiransiormer A (kVA,), then is
* W ; kVA, =115/cos0. 9 % transformer B
= transformer A + transformer B
"1; =1152-25.8° 0-03+70-06
i (0-02+;0-05)+(0-03 + j0-06)
=115£-25.80 5 0-067.£63 - 42
x4 el 0-121£65-6°
A =63-684-28° kv
&1

1151.’—25.3nx Rt _Lﬂ'%
(00240051 0085 o 055
=115£-£-;an_E053&;§53;2¢ '
* 0 12isesge
=51-284-23.2° kv,
Load carried oy e L 2. wilyn Y
Load cared by trarsorme .6 oA

Note that Transformer B is G iy S
become hot if the load is MM' m{:’%ﬁ and will

TransformerAuperati;ngp& €08 -28° which i< 0
b2 r.hld'l.l.'.iﬂ-ssa ag

Fault-level calculations

The following material will give you a better idea of the
problems associated with the parallel operation of transformers.
This is for understanding only and does not form part of the
syllabus or objectives of this subject.

Possibly the greatest problem arising with two or more
transformers connected in parallel is the increase in the value of
current when there is a short arcuit (‘fault’) on the output from
the transformers. This is because each transformer actsas a
separate path for supply of the fault current.

To understand what happens in this situation refer briefly to
Section 2, where it was shown that whm t_l_ie temunals of the
output of the transformer equivalent circuit are joined together
a large current will pass through the output terminals.
The magnitude of this current will be limited only by the series
resistangc?and reactance of the transformer equivalent circuit.
So, when two equal transformers (having ﬂ‘et;:‘;‘;f:m"foﬂ?ﬂ
equivalent circuit) are connected in par a,llel. ’bem 'thmE ughmm:o nll ¥
will be twice the magnitude had the supply beent
one transformer.

: transformers is more the
As the parallel connection of equal trans o voents
excepﬁﬁn than the rule, to calculate the value of fauit curren

that may be expected use per-unit values.

—

7762AD; 5 Power Transformers

© TAFE hsw a5 14

o . — - :
4 S . ﬁ
—— — = =




R

e ——

lndi.l'

T?Eam 5 Power Tr ,_ .|-l_rl

Hﬂmmw-




: are used to ext nd the
ere instrument transformers are Bplopern - -

e sents both of these disadvantages are overcome

vﬂlmmthemmmt TA] :I;':':"r:.:_

electrica
reduces the danger to operato i
changed without disconnecting the supply.

er advantage in using instrument transIormers is
::fgas a shunt ofmultiplier can only be used> one
instrument at a time, an instrument mfom can be u
with several instruments concurrently, provided that the rz
burden on the transformer is not exceeded. .
While many transformers are seen to be large, as is the ca
with auto-transformers, there are also some very specia
transformers used for the connection of instruments and
protective devices into power systems. Some of the f
these different types of transformers will be investigated

Generation of harmonics

With the development and use of thyristors and the subse
use of solid-state switches and other devices, it was nog
possible to have discontinuities in the sine wave voltages
dJ_sconﬁnuities introduce harmonics into the electricity
distribution system, and we will look at some of '
these produced by single-phase transformers.

Objectives

—_—
it

After working through this section you shuulébe "

’ A

iz o
state the necessary conditions to permit the success
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parallel operation

ly deSigﬂEd to ensure that

s ~wer transformers are usually € -
E;;lie;iu111 efficiency occurs between 75% and 100% of full loag,
At low loads, efficiency falls rapidly.

In the distribution of power for industrial and general domesti,
Jses. the load often has a general Eattern_of being high between
6 am and 9 pm and low (below 50%) ouff51de these hours, Under
these conditions it would be uneconomical to have one large
transformer alone providing this lpad_ and, as a consequence,
working for a large proportion of its time on light load..ln' _
supply centres such as switchyards, where the load varies
widely, it is usual to have several transformers connected in
paraﬂél, one for light-load conditions, and the others bemg |
switched in or out as required to meet load variations.

Conditions for parallel operation

When transformers are to be operated in parallel, the pnmz? |
windings are connected to the incoming supply bus-bars an

the secondary windings are connected to the outgoing load:In
these arrangements care must be taken to ensure that the
terminals with the same polarity are connected together;
otherwise the secondary emfs will act together (in the local
secondary circuits) to produce a circulating current thatis the
equivalent of a short circuit.

There are certain requirements which must be met to ensure

satisfactory parallel operation of transformers, and shanngﬂf
load in proportion to their kVA ratings: |

The primary windings must be suitable for the supplys
system volta ge and frequency, e

[ s nnléne 1
The woltage ratio must have the same value for each
transformer.

=

If the v - v o
the voltage ratios are not equal when the secondary’

‘-\'md'mgs are co ‘ - L+ A
the voltages w; fnected in parallel, the difference beth?’

1l cause circulating currents in the o Fa

tr , - I
ansformers, These will cause additional 2R losses ik

This requirement could alternatively be s
percent impedance and the peree
transformer b satna :

power factors d]ﬁemtﬁmﬂ‘em Ters
share the load in proportion to their kv A ratings.

Tests for polarity

One method of assigning polarity markings to an unmarked or
indistinctly marked transformer is the subfractive polarity test
as shown in Figure 1.

3 Ag Aj i :
. |,
. Vo
—_—
©
Ap 0
I I
: o ": Vn
f:::n:'i t
RN K SRR ¥
1 +
[
l--=-0
Ao
Figure 1: Subtractive polarity testing
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o ‘where the ratios of meOm’laﬁ
oL 1 “?ﬁ%“ is accurate enough. H':::m-me'Lri‘:llf:l
when the ratios of transformation are not equal there v j,
circulating currents between the windings, and in order
‘make the appropriate calculations it is necessary to know the
: i iance values of the shunt circuits. In this case it would }, .

- If younow carry out some simple circuit analysis on the

diagram of Figure 4 you can see that the impedances Z, ang 2,
are in parallel. The current in Z is

Zy
Z,+Z,

e

and the current in Zj is

Z,
Ly ¥ Lo

I %

Since the load voltages are the same for both transtormers,
similar equations can be developed for the sha ring of power, or
VAs, by the two transformers.

The VA power carried by transformer A (with equivalent series
impedance Z,) is then written as
ZB

VA, . . x
o Lyt 2,

and the VA power carried by Zy is

——— e

1 Secondary [bus-bars

Figure 5: Parallel connection

When the transformer symbol for each is replaced by the
tollowing equivalent circuit specification referred to the

Erirnary side (ignon'ng the excitation and no-load losses), we
ave:

Transformer 1: 200 kVA 33 kV/11 kV
series R. =5:00Q
series X;, =712-6Q

Transformer2: 200kVA 33kV /11kV
series R, =4-5W
series X;, =j14-0W

Load: 200 kVA at 0-9 power factor (lag)

m Supply bus

o

B

PL 0,
& —
M N

| ers in parallel
Figure 6: Schematic diagram of two single-phase transform

1
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'J.I. .. :"1:-:1 I:
| ol b=
I: }. A I ]
i
11
|

Ifye ow change the loac
transforme TS YOU just consi
_facte and 1
calcula gfhurfl l |_.‘_,'{.'f-- resul

-;.- ;-Iél- | : '3%h

4 ‘ﬁ‘at[ l.p _':__,:_;

Figure 7: Series equivalent circuits of two single-pt
connected in parallel

-d!b uL

Exa IEHIF& '

If Z,, for transformer 1 is 5-0 + j12- Dahms,

if Z;, for transformer 2is 4-5 + j14-0 ﬂhmﬁ *_

Za+Zp =(5:0+712:0) + (4- 5+]14'.
=9.5+726-0
=27-7/269-9°

ﬁl__l _:‘

- 3_1.‘\_‘_,_',_ . aTale]

The load carried by transformer 1 is Trans 5 ,,F,,. B: 200 kV kY

20042580 x el £72:2
27.7.£69-9°

=106-1£-23-5° VA BN =

-q:

Load:  400kVAatun

1f4253.f}r; enbfﬁi1¢ & _QEifﬂZJE;--.-'

1?1 e
: ;f:lf"

T"-';-LT F ";i. 1 l,.L H]-..fl 1:_:,-_u:'.l_l_".': A

- "7‘“‘"!”_%} 1 l:r!_q'_:} { rme

The load carried by transformer 2 is

130467 -4° :

27.7/69.9° =
=93-94-28-3° kVA G

200£-25-8° x

Note the follo
caleulation:

Wing important comments 5‘}: he above :-!

— 1
—

Both transformers are loaded within théu.‘ 2 *"1‘ |
" Thesign of the angle associated it (Ia, f: 5'“% B

et

Sunﬂar 7, for transformer |

negau ve.



ey inwhichthes aleuations iy be g
ﬁ\evalmofpér&ﬂﬁﬁew- age.

: b i 2] alcul: |
'IWDZSRVAJMHZUVOIIBIHE'I&PHEB& 1.15““,,,‘.._ i UJ .', ¢ ng loa
connected in parallel to rm;:rplyaﬂﬁlﬂiﬁlr Emu power-f ried by transfo
load. Given thﬂtthe I'Egu.lﬂhﬂn VGI ﬂ]u rnq_[ *quivalen
circuit of each transformer are

NTRES: Yy 1

b
Transformer A: Ex% = 2-0%, Ex’ =53f!§! i
Transformer B: Ex% = 1:5%, Ex% =:6_4’[L}‘$,'§}§_?,__.' 4

L T .
calculate the part of the load carried b'y- each transform

-‘I_ F
Now convert the regulation values to m :' ;“

irable v alu
to the primary winding (1ethewmdmgin ,n hich
power will flow on its way to the load). -

i"'l.

T Ci s
For transformer A: =T

e

Exfhy, being 2-0% of 240V = 0-02 % 240
=4.8V .

Ex%;y, bemgﬁ 5% 0f 240 V = - 065?(
=156V

.......

. "-I
| *

1- ]
-5 -F'e Mr ) value
J-T

.Exam' e 3 ¢ ‘i%a leulated using the percentage valt

‘.-. ” B
i 3
Ex%s being 1-5% of 240 V = 0-015 % 240 P’&M yriginally given

_3 GV r" | 'rhi& I*-s 101" :. 1';! eful form of calculation L Proy ina
Exp, being 6-0% of 240 V = 0-06 x 240 \ nitudes, which is the forr
=144V

For transformer B:

_‘._ '

..||1h.j|:“ ATT i! '!-_,,I_,,_-. TCEN [ ! ma:
generally required for these len
l—»+ '—':':' ok
- ‘ol i Al
..l! |
H!] i

Example
qufﬁ -,;f};f'-_i,'!‘:';f- 'f_i_jr-, /12() volt singl

i ; ....-i.
connected in |
load.

SRR ) LIt 2
Given that the regulatior
each transformer ar

- ¥ + I
o L ) - L) Fo
I ans __\t_ll;':.F_Li:":’-T._. K
I
|- . .

S

i.i;.r...,l.i;-:ti.wl'.\- r S
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40,0°%6-185£76-0°
T 12.98174:4% -SSR

1 I - -

=19-06£1-6“kVA |
A 40/0°%(2+j6-5) | -
T (2+46-5)+(1-5+j6-0) =
40/0°x6-801L72-9°
12-981./74-4°

=20-96/-1-5° KVA : oo

—
—

In this calculation, the loads carried by each of the:
is less than their 25 kVA rating.

1] |

Phasor diagram for pa:rail" .
operation b

In Figure 4 there are only three principal VO! #
* the supply voltage Vy’ =

* the equivalent impedance voltage drop v I- i
* the load voltage V/,. e =

e

51';“:; these voltages are common to both 1 , ) ey L
P T diagram for parall 4 " e ‘ 7 ISRl ] I U 08 oy, o I
three voltages, parallel operation cam be IR e m‘u 7.

o) 1al

Drawing phasor diagrams for Paralle'ﬁ" c

When drawing ¢ : gei

as & e phasor diagram for parallel operati

tat 1 2t 2ll conditions for iir. Pmm s
5 P al 5 Wmdmgs are JZ i~

© Suitable L
and for the Supply system voltage and the fre .

al - il

“Onnected wigh correct polarity. - .




For any given load:
L=I4+ Ig

=l Zs
=bLZsg

from which

_A_
I

FA
Z,

where Z4 and Zp are the respective i
transformers.

fffff

It is often a requirement in pracﬁce for two transfo
unequal MVA rating and internal impedance to’

parallel to supply a larger load then eﬂ:hgr . ; » .-.

source. e 0

g 4

It then becomes necessary to calculate each tr

contribution to the load to ensure that thEﬂ:a -‘ 0

or the other transformer is not exceeded_ T

Figure 9 shows the phasor diagram where e triz
equal ratios of transformation, but imilar
tnangles

Because of the restraints shown in Flgure 4 c qjﬁu

transformers share the common phasor V,V;" as their

impedance-drop phasor. o

i'.1--
NE

SA-—-

ii 1ﬁ hl
i\_!—‘qﬂuiﬂ

SA— |r

----------




Example 5
Twmslﬂfmmfamm Lutll

the primary and semndarj'mﬂm sforme
'rmtmedmp f&s%andarmﬂme dro  of f i
at full load, and is rated at 100 kVA. raj ns ner B hy
4t 200 kVA. Determine the kVA load of transform
5“PP15’“‘5 a load of 280 kW at 09 power factor (lapeis

Solution
Note: Although the use of percent notation simp

solution of transformer problems in Pamllel 1 I, ; _

percent values must be referred to a com --,_1
this example assume that the base is 200 K

transformer A, which is rated at 100 kVA
700 kVA base, will then be

R, % =R, %ox 222

rating

_ 200
=0-5x—
100

=%
X, % = Xﬁ%x base
rating
200

=Bx—
100

=16% &
Cﬂn"emn all

Zy =1+j16

] --I, .
2 16'03436*4*90 i
and fransformer B- o

Zs =0-75 + j4
=4-074£79.4-=-Q

Z_.-'-, +23 :!?5+Jzﬂ

=20-07£85° 0

lmpﬁd ol 1 _ =;- Jiosak
hansfm A and ratings to polz n::_.._._: rdina




Figure 16: Plofting of curves 1,5, = f(f) and resultant harmonic resoluti

Figure 16 shows the curvature of the B-H curye (poimg,{fgfr?
and 1'), and adjacent to it is shown the (assumed) sinusoidal
input-current waveform and the resultant smusoidal'-_ﬂl_;;;

waveform, which is based on the theory of the relations
being linear.

If you now reverse this analysis, and project (point by point)
from the sinusoidal-flux curve back to find the actual's Ape 0
the excitation current waveform, this does not come to be a sine
wave but a wave of another shape. |

To follow this derivation, start at the flux value Dfpﬁml‘%

the flux waveform. On projecting across to the B-H CIIIW!,B‘II

get to ’f’, which can then be projected onto ‘g’ on the amper

2" ; y _ 1] L L T ES—
furns sx.aJ:e of the B-H curve (ie '8’ is 2 measure of the current o
Produce the flux value at ‘¢ or ‘D). '~

£,
==

50 that you can plot

sdme g[‘aph }Du

ety
the current- and ﬂux-wav&hape&_ﬁﬁél
- ri b ]
thmugh 90°. |

need to rotate the current waveshape

T"!.L: 1s the same as the 90°
:lagT&m development
& 1o the point .

angle that was shown on thep -':
previously. This is achieved by rofating
s

LAlNl]

|2
. e P f_, 101
L ITOCESE Bioné

current waveform is given by the myroc s, 3" & resul
;s ".'I -~ '-1-: '['\ i ; - i '.-.. I-.‘ : h.. - i . { I N q :
far from 1-1‘-"?"1‘"l-:\:1._.,, bl
fifth harmonic waveforms which when 241,
excitatinnfcunentwm 1w
waveshape ‘a-k-p—d’.

The derivation of this ,, sZenacs *I'-J"
being a]menfsmgig 1 er 8o Locri e
magnetic crcuit thatﬁmgyg_[m SWfs

curve results in hysteresis. When the effeet of hysteresis i

Figure 17: Effect of hysteresis on no-ioad cufrent cur

It should now be obvious &
markedly pointed (as prev:lc;m
distorted sideways and has e R
change, all of whmhwill mmﬁfﬂ-g mmlwm u'n_“ u 1
cumponents-inthe-wavm. A m!: .m. ?

.
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' tfumem LR L deieddidon %
ransformers i

ansformers are made to meet the special \eeds
both instrumentation applications and W "‘-.-f:'.: tons
A current transformer may be manufactu ﬂm for v e
conjunction with protective equipment (pr 1pplicatio
or for extending the range of an ammeter (Instruments e
application).

Single-phase fr

Fach of these applications imposes differmtm ’

on the design of the particular transformer, Whilst there are a 4 range of

nurmiber of differences, the main difference bmmﬁ. two with Voltlﬂ an ITIers

applications relates to the design of the magnetic core and the e '.| i

value of magnetic flux that the core will allow Wlw = Current transfe 1‘,.:. . s are d

saturating = O which is proportional '_ and
”-.Illlf'I r-.,j]'l' N i oty

While many transformers are geen (o be large, as hﬂnm g;rrmw’;: 4&']. l

with aulo-transformers, there are also some very w ﬂlﬂdl

transformers used for the connection of imtrummﬂmﬁf-— < : Potential ra TR _1\, :
pfﬂl’ff’ffiv“ d;n’lﬁfﬂ lnff} P‘fﬂﬁf{.’f Hyﬂiﬂ'ﬂﬂ &Jm‘! ﬂfﬂ‘e ._ | ' . Wh’-Ch h YTy 50 *-i' .E;_‘L_ s A 'y
these different types of transformers will be investigate I voltage wav ,h f’l‘ he output o

With the dﬁv{-lnpmi:ﬁ! and use of thymmfﬁ and m jl:.,rj-.: et ﬂxprmm T ”" L ’ 9.
une of Hijld-"&!,atr' a;jfrh;—p and Uihﬁ’f dWlﬂEﬁ, if Wﬂ i _, A A | 7 e i - .
P‘ﬂhlbié’ o have disc onbimuities in [}-u-,. sine wave volt: I8 :t lﬂ fmpw _j_ _' .
which introduce harmonics into the electrici nstrument trar u eTs

sysiern We will ook af some of the ‘hffmm 0?’61“' IR } i 'r1 . il J_'
Fh&’j‘ tfdfﬂ:f’)"ﬂ’ﬂ'r%’r " 2 i Wl;teen u“d . p‘*— e .’ ' .
. ' qu 1ef lf‘... .*.-*.j.lz' 9

These proced  des

Appllratlons of instrument L "
transformers Constri

j;;;trumpr. trans fr;m-u 'S are fl,t*ﬂ e to ﬁ“ﬂ'ﬁf A sele e B 'i=' o, By transf % : ' I
OF tandard meter . . : ent,
Hovements o be yged to iﬁ-diﬂ"
v iy
: Mage 2 & power Values over a wide ran By : |
appropriate Ir.e:r-'-fr;rrrmr ratios and kuifﬂblgemr !

iment movermend to mdm,ﬁ L
F_d_.-fl-"'-': iri f}'u- ram r,f rr ‘-'. pr— :'.

10000 velts for voltmm
e
ﬂm‘ “ ' :r

1
3




AL DI

-—-'-'---_-
iding a current that i
s crument, thus provi 15
measuring ins - osition) phase to, the cur =
Prﬂporticrnal to, and in (OPP P : current in the

main circuit.

~elationship of the ‘measurement” currents js
sant the connection of power-measuring

jmpe ents. Where transformers are used for meas ent

mﬁi‘;‘;q they must be consistent in output and reliabje jn

E:;immnce This means workmanship and insulation Must b,

of a high standard.

ore of the hmsfn@er is very important, B
common type of construction of instrument transformers
comprises a laminated ’C-;nre—type 'spl‘lt core onto which the
coils are fitted. Prior to fithng, the n»jnndjngs are usually formeq
and /or wound onto a hollow bobbin to allow ﬁtﬁng to the C.
core. In some instances the complete assembly is encaps Slated

The phase

only with

The magnetic C

In some instances, where heavy currents are involved, the
primary winding may consist of a single straight conductor
‘.ﬂf_h the semndar}' wound about it.

Alternatively, the supply conductor may pass through the
centre of a toroidal core. A diagrammatic representation of a
type instrument transformer is shown in Figure 10.

The main feature of a toroidal current transformer is its
extremely low leakage reactance.

Core of rectangular cross section formed
by a continuous overiapping spiral of
magnetic steel stnp ——

Primary conduclor

Secondary w!ﬁdi’n- )
(evenly distributed
about core)

______

should saturate Ebwe vadcurrent. [f
drop in secondary current will terd or , the
damage to the memnng il ey

For current transformers Uﬁﬂdfmf ),
transformers should remain ac O s fo
conditions but for short circuit cor l‘?tmt

This usually requires them to perform carare s
20 hmesfullloadwi&uqtggmﬁi@ 18iactorily for up to

Voltage transformers

In voltage transformers the primary winding is connected
2cr0ss the supply system and thesecondry suppiee s solege
proportional to the supply voltage and in (opposition) phase to
it, connected to the positive terminal of the meter.

Since the primary winding is across the supply voltage the
greatest care must be taken when insulating this winding to
withstand the high voltages encountered. |

As with current transformers, the cores are made of high-
quality transformer steel laminations. The laminations are
made to fit together in the form of a single ring or rectangle.

Voltage instrument transformers are manufactured either as
single-phase or three-phase devices. Figure 11 shows the core
shape for a single-phase transformer, and the double rectangle
shape, shown in Figure 12, is for a three-phase transformer
(which will be explained in later sections).

5

Figure 11: Single-phase instrument traf
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SRR

Figure 12: Three-phase instrument transformer core

The primary and HCt‘lﬂd*E}f}' Ve i—“imSS HTEFUSI;IE;Hy placed one On
top of the other on each lunb of the ac:cmzz;:I or Sh"_a’ultagg
applications the primary r:ml:? are wound in separately
sulated sections connected in series.

Error minimisation

When a high degree of accuracy is required, compensation
must be made for the inherent errors that could be produced by
the use of instrument transformers.

Errors arising from the use of instrument transformers may be
due to the following factors:

* ratio errors, where the reflected quantity, either current or
voltage, does not bear an exact nor constant relationship to
the quantity in the circuit being metered

* where the phase relationship between the input and output

quantities is either not exactly 180°, or where the phase
relationship tends to vary.

The presence of the first of these errors will affect the accuracy
0f any indication given by the connected instruments, whereas
the second error will lead to the incidence of error in the.
computation of power or in the indication of power, wherea

watimeter is used. The significance of these errors is indicated
n the following explanation.

The phasor condition

d for a voltage transformer, asstlﬂﬂli& nga
1:1 relationship, is 8 '

shown in Figure 13.

Voltage phase g,
error angle

Figure 13: Phasor conditions for 1:1 voltage transtormer

Voltage transformer
For the ideal transformer, you know that the ratio between
voltages and tums is given by

( jon1
Ey: E;= Ni:N; [,Eq\lﬁtlﬂn )

However, looking at the phasor cundlthB;Ol'ﬂ'tB vgltagf-'. 23
transformer in Figure 13, due to the ;‘ﬁ;ct leakage reactance

The ma ’mdeoftﬁggrtgriﬁ= orimarily a b e
windinguimlaedante drops €£;DE el
affected to a lesser _dgﬁg___ oy iagram that &

o
o

I,'. Tt is also apparent e
To achieve maxiti'iumntcumcyfﬂw o
operation is :

V-l - ""V;

—
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Current transformers gl
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Figure 14: i
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put they can also cause catastrophic damag,
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refer the transformer per-ph
component values to the
given the voltage ratio

determine the approximate per-phase equivaen,

circuit from the results of a short-circu;
open-circuit test

calculate the base-line current and base impedanea

given the base-line voltage i

convert the per-phase equivalent component vaj;

from ohmic to per-unit Vﬂluﬂﬂrﬂnﬂﬁﬁﬁz
convert the per-phase equivalent circu
component values between bases

- 1

calculate the line voltage across a speci ied balanced

e —

three-phase load, given the per-phase equivalent
circuit component values and the supply-line yo

calculate the percentage voltage regulation, given the

= =i

per-phase equivalent circuit component values -
the supply-line voltages, for a specified balangec
three-phase load C
determine the voltage regtﬂahanumgm g

approximate regulation equation, given the

equivalent impedance in Dhmic-_ﬂr:w_-;__:_—- it sl ‘
E!!SIJEH:ifiEECi balanced tilIi!iiilalii!}gia 1‘}5111 A-u-; zi‘qﬁ{_i';!‘Tfﬂh:

determine the condition for maximum regulation

given the per-phase equivalent clrc[ﬁt_ one:

n _}l o
=TT

values

T

determine the condition for Zero regul ﬁ - ’~ :
per-phase equivalent circuit component value:

fe}lﬁél—diz

values th
connecti
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Itis extremely important tha




tran .51 in all domestic ins allatio 4
that formers the voltages experienced are:

than these, but the same facta'rfprewi_l_g;f i

- omber that the purpose of havingn o
iﬁet? :];Itain a neuu-ai or star point. nﬁss@f
for a number of purposes. Possibly the most ca
jmportant purpose 15 to pmwdeaconn ction
electrical supply system for earthing. Frcsn}?
reference, you are then able to kae-mm suren
voltage values, even though it is more widely ,
as a means of providing protection to the consum,
' |

. ; 5 Y _’.;_i__ .-._.
When you extend your measuring technique to inclyde
not onl};* the value but also the angle relationshi
active connection relative to the earth, then rou

your measurements to include both the magnit

=

the phase angle of any voltage in the multi-p ;

relative to any other voltage in the same system,
Py [ | IR
In the past you would have done this by developing
phasor diagram from a reference value (which is u;
the voltage between A-Phase and neutral). The vol
values (with both angle and magnitude) that exist ;
star-delta relationship are usually shown in the f;
given in Figure 2. 1k

A B

Note that lengths AB, BC &CA
equal V3 x lengths AN, BN & CN

C
i : R
Figure 2: Line voltages Vie, Vec and Ve, and Phase voltages Vi Vau
and VCH == 1 ;‘I'- i,—:l TN

:

This phasor diagram . a
nstantaneous vgtag can be described as a

fr?:rrl]tsald: e voltage at the point 'A'?::' ﬂfesiinp h:
(la ggign T&me Star system (to neutral) is displace
£) from the voltage in the delta Wﬂtﬂmf o B-

N




Line vohtages {*,__._ Vo

Phase voltages

(b) Phase diagram

Figure 3; 5ty connection load
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above) at a large substation or Gwﬁ‘iﬁlg yard, -
A substantial reduction in the size of a transformer for s
given power rating can be achieved by Q‘Wﬂm L’fﬁ (=
voltage transformation as a complete three-phase syste oy
and for this reason three-phase transformers were ~  *
developed. Foupf "0
IS |
To visualise three-phase transformers in their simp], o Fing.
form you may find it easiest to imagine that ﬂmm ik
phase transformers were connected into a three-phase
supply where, for example, each of the transformers is
connected between one of the active lines and neutra] (a5

in a three-phase star configuration). |

This arrangement is shown diagrammaticall in Figure 5
as a combination of three single-phase tr&nst};rmemms

"
~ "

Y
V[ i
el |.|~. .Il."' 1% l_i

N -
=
- -
i
[
1

connected on three phases.
j "; the selection of the v
-"‘:h‘ I:!i;}.;‘llf;?rj-l: -_! | ._-_- I'lf. I.il - 3 _: 4 : I ¥
1
f
s
et o

construction

Iim ' ‘ I'S 50: Viﬁuaﬁse [ I'* .
that this arrange Circuit of that transformer ohlj&& and

Ment constity, Yr
ransformers tes not one transfo me
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Figure 6: Three ‘pushed together’ SmﬂlWﬁ“hﬂdfﬁ __i:.;.' _

=
For a three-phase transformer to have a core shapa e
that in Figure 6 would cause immense technjca] ; ?*ﬂ;':«
both in the construction of the core and in the gyar - TS
and shape of the three-phase transformer Whm erall size
constructed. For practical reasons, the core:siaf"""tg s
transformers are constructed flat. Examples of the ~<"Phase
given in Figure 7. TR

o . r _-l W

Phasor diagrams forthn
transformers
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Continuing the model ofa t
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Fitting windings to the

three-phase transformers, the coils ¢
fhmdmwpnfeammmﬂemm
The low-voliage windings are located closest to.
and the high-voltzge windings on the outer. T

tnmmzmﬁeﬂjemstofmsula!mn,mﬂntﬁg h '!: .
insulztion need only withstand the primary- o :H

vol Ie-'d,andﬂ-selawwo&agelevelﬂxm
ﬂfmfz}f;ﬁﬁ'omﬂ'e ground potential of the trz
core. In addition, the high- voltagetmﬂm

constructed, and connected together in
to limit the voltage between adjacent tums.

Heavy-current windings are wm

or Gouble-layer spiral (because of the ; T |
¢« -1 W?.mdw]mmayh e
"mSP'C‘ieG manner, o equalise their i

sure equal current sharing.

Polarity of windings

s grificance of the polarity of windings hagdl

been discussed in the work on single-phase tra -_z.;-:'_ ners

zrd TSirumens Tansformers.
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ils of the ways in which these different transformer
eraing connections are used and the reasons for these
g et e O
A simplified explanation is provided here: 1 current, ;
; :sctive conductors on botﬂ the primary and secondary fupplymg the nominated lo;
sides, and there is no neutral current. | 0 KVA 11 & &)
| = e a) a250 kVA 11 000/
» as delta/star 33kV/415-240V three phase. This provides o) with a balanced load of 24¢
an 'star point’ connection for earth return currents. This - Srpi
transformer may also have a delta tertiary mndmg (b) a 500 kVA 33 nq 000 vo
e Transformer C would be constructedstar/star with a balanced load of 450 ky
415/special voltage three phase to supply large power

.

.

A N

."'-‘#' 1 s 14

i F s WLl
==l

ol

to equipment operating at voltages other than 415 v You can check your answers at the end of
mdsz.Thisi)'pemayaIsuhaveadeltat”erﬁary _
winding.
A zigzag winding, as previously discussed, would be a
special variation of a star/star configuration.

Within the New South Wales system large 500 kV auto-
transformers are manufactured as single-phase units and
are then connected in three-phase arrangements in the

Less common winding arrangements include interstar
(Zigzag) and multiphase. 2 '

Interstar zigzag are used in welding machine and arce-
fumace bft?wer supplies, as the interaction of the magnetic

Multiphase windings (ie creatin ‘

| 4 six- or twelve-phase
supply from a three-phase sy 1g are used in hioh.
current rectified power supplgig g e

oty 4 SCRs to provide g very ,mmcmapmperfﬁuedm: e




star/delta winding arrangem

Because of the tio) will be

ratio (and the voltage ra

_Eﬂ =1:92:1
3300 x J3
. E " tothe S et s il | T — i
vhen this factor 15 HPPMd_ -
fi?: }:rimary-windmg current becomes

15-15 _» g9 A
1.92

Tertiary windings

three-phase theory, you are aware that third-
}li;?gn};zg;urreng do not flow in the lines connected to a
balanced three-phase delta-connected load.

ever, if the same three load elerpents were tol:ge r
E}i‘:ected in star, any third-harmonic flux present in the
core would cause the voltage at the star point to oscillate,
or vary about a mean value, at the third-harmonic

frequency.

This same voltage oscillation will oceur in a transformer
having star-connected windmﬁs which is connected to a
three-phase 3-wire system. If, owever, either the prin
or secondary windings are connected in delta, aargv third-
harmonic currents present will circulate in the delta
winding. This then allows the flux waveforms to be
maintained in sinusoidal form, and stabilises the potential
of the neutral or star point.

It neither of the main windings are delta a third set of
windings, connected in delta can be provided to
accommodate this feature. Such windings are called
tertiary’ (being less significant than the other two
windings), and provide a low impedance path for the flow
of third-harmonic currents. For this reason they are
useually constructed from a substantial size o winding
wire even though they do not directly provide power to

an external Joad.

In addition, tertiary windings can be included to provide
POWer to an additional load. which must be kept separate
from the secondary for reasons such as providing supply
f_nr instrumentation and power-factor correction |
cquipment, In this Case external connections would be
made to the ends of the wind ings at the terminals.

5

Figures 10 and 11 show t_ OrmAKONR &
used in AS' ..YZ‘E‘ 2P e -
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Winding connections

Figure 10: Vector gia
connections (a) Group 2

Phase displacemeny

T

drams for standard three-phase transformer
~ 180° phase displacement (b) Group 1 -0°

e ——

Figure 11: Vector dia
connections () Group
displacement ¥
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Transformer nameplate

hza:teaﬁjersecﬁma@sfm ame late was
identified as zn essential item ated with
sransformers. At that stage of this subject it d ha
twmﬁmgmmdeademﬂede@mﬁﬂﬁ
information to be shown on 2 nameplate. Haying
E&iﬁmmwdﬂstaxdﬂﬁsﬁlhmm o
h&mﬁmﬁ)b&pmﬁ&dmthenanmphhda-' .
transformer mcudes @ Power
o manufacturer’s name
¢ manufacturer’s serial number
the number of the Australian Standard to which the
rated KVAor MVA

number of phases

rated voltage at no load, higher voltage limit, lower
voitage ot :
rated current(s) when operatin - -

o : '... Moy Wi gathlg}'a.

fmutand at lower-voltage imit voltage
:;‘Edffif prased m ‘voltage per cent’
mﬁfﬁ arui Pbﬁ'ﬂtépiacemmt : I Iﬂf >
veCior-group idenfification and the phase seqmm:e ' 0o

e . =2 -
wWiIn if reters

-

weighnt of complete fransformer

Vpe of cooling an . .
;= OF cooing and class of insulation, especially ifa
i r';:.r:E Lréﬂ_l;jted L- Tﬁf ) 3

&

rzte of flow of cooli ' =
e # Ot cooling medium (ie drculating oil,

1!"{&?&"? ':_.r - .

r;.a__""LE of the iI'LSUlamg liquid—if the

2quid 1s synthetic, jts description is to be

-
P
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osses are normally inherent in the design of a particular sjze \/ 4 i heck yo
:nd t]r:e n?wl-m& and various techniques are used by .
manufacturers to minimise them. i
 Explain the Purpose of the therm
Temperature rises in transformers operating with tank. e

different types of cooling systems
It should now be obvious that it is possible to have different
missible temperature rises for transformers of different

methods of manufacture, even though in some instances
essentially the same insulating material may be used.

Thus is due to the manner in which the heat is dissipated from
the windings (and core) and the way that heat is transferred 1d of this sectinr
from the cooling oil to the atmosphere. il :

To explain this further let’s look at a particular transformer and
analyse the cooling process taking place.

For a transformer with the cooling-method code of
ONAN/ONAF, as previously described, when operating in the
ONAN mode the dissipation of heat from the cooling system is

by ‘natural” methods of radiation and Some air convection, This
can be likened to the cooling process in a car engine that does
not have a water-filled radiator, such as a Volkswagen. As long
as the load supplied and consequent heat losses within the
transformer stay within the range of heat that can be dissipated
by natural cooling, the transformer will continue to supply the

e
T
re
i

As the load rises, the heat generated within the transformer
11565, causing the temperature within the transformer to also
rise. When the temperatu;e within the transformer reaches the

tp;a}eczon sit‘;;.ruld function and disconnect the transformer from
e load, or the temperature—seming System should change th

method of cooling to ‘ONAF’. In this mode the fans on thie )

cooling panels will start and blow air through the cooling

& .
Cause of this the transformer has two ratings: a rating when

OPerating in the QN ; :
OPerating in the ON AP, made, " * Hher rating when

N
7762AD: 7 Power Transformers e
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. describe the effect the temperature of the windings hag o,

transformer impedance and efficiency

describe the basis on which the rating of a transformer B
be changed, considering the effects of different C[}Dﬁng y

methods

briefly describe how transformers may be protected -
overloads, phase-to-phase and phase-to-earth faults, anand 5%

voltage surges

determine the load at which maximum Efﬁciency occurs

calculate the losses at a given load

calculate maximum efficiency and all-day efficiency as
required

calculate, for a specified load, the efficiency of a three-phase
transformer

~ using the per-phase equivalent circuit component values
- using the results of a short-circuit and an open-circuit

test

determine the loading of a three-phase transformer to
achieve maximum efficiency

- using the per-phase equivalent circuit component values
- using the results of a short-circuit and an open-circuit

test

calculate the all-day efficiency of a transformer given the
24-hour duty cycle
~ using the per-phase equivalent circuit component values

- using the results of a short-circuit and an open-circuit
test.

7762AD: 7 Power Transfomer®
o TasE oW T

ranstormer heating and cooying

Heating ang temperature rise

which this heat is dJsslpated by various means from the
transformer.

The permissible value of the final temperature rise of the
windings for constant operation at the rated full load depends
upon the methods of cooling and the type of insulation used.

Methods of cooling
is of prime importance to keep costs down, natural (convection)
cooling of the transformer is used.

The larger the transformer size the more cost effective it
bemmé‘ggo-use_saine:tgpe-af assisted coﬂllng for the core and
windings. Transformer insulating oil is usually the cooling

t from the transformer causes the oil to
e sim or tank, carrying the heat from the
mm;l;t; = Theemma improve on this further the
oil can be pumped round the a1 0 .
Dmmpaunnofheatmﬂlefﬂf‘k EpRIHARRE fe surface
area of the tank
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- - 1) 1

-——*——-"_"':I tubes tions or radiat T - .
oot o et s oling s, Temperature testing of
tran sformers <

In more sophisticated types, the heat is extracted fro
transformer oil using air blown over the surface of ﬁ?nthe
containing the circulating hot transformer oil, or b ed coils
separate, free standing water oil. & Y using

Testing of transformers

Because of the important processes they carry out in a highl
expensive and valuable electrical-power supply system, it isy
essential that power transformers are tested to verify their
reliability, and that these tests are consistent and repeatable.

The variety of tests carried out are identified in AS2374.1 (1987),
Power Transformers — General Requirements, and include the
following;

« routine tests; measurement of winding resistance, voltage

ratio and voltage vectm' relationship, impedance voltage (on
ncipal winding), short circuit impedance and load loss,

e diolectric, measurement of zero-sequence
. SPemlm m&lw transformers, measurement of

% impedance In tree P | 232
d-presst yre level, measurement of harmonics m the no-

Sﬂa‘;l;_rmb urement of power taken by fans and

load cur insulating liquid and insulation

pump mﬁj mﬁmuge tasts and measurement of
i P 55'" and load loss at other than principal

. followin g test rocedures to be should be
.to-tlr:e appropriate Standards

ascertain®® o ment:
b . tosts relate to checking insulation against voltage
o ENGIFEE wmwﬁching and lightning, and clearance
o AmPWER  tween term inals. (The test practice is described
(sl ation 60-2, High Voltage Test Techniques, Part 2:
R edures)




e temperature at the condiuctnst

_ . : apprediation of the temperatirra nest. ~ SN,
e : dicleciric tests requn*eti‘:e'_raluenfﬂ?ehxg}m Ner debende re e TE O the: it
h—'ﬁ.&y : mrﬂirthbEdiﬂemtmﬂiEtﬁhngof Ha"ﬂ_nm- B Amad ol ' ds o
test voitage 3. :-;u'_;- |

; nding and auto-transformers. The procedure i =i :
e8] burn) Ei\mﬂ{_, anc au rall e
'E?‘:i“f‘.;w&ﬂ-o-mm below and above 300 kV. For 2 windings does not exceed
i‘:‘i""E. retie P0T - = L= L e 3 "

eransformer which has already successfully withstood a

# mplete dielectric acceptance test, any repeat tests are Carried
Jollp'" -

3 75 the test-voltage level

based on either directly applied voltage or

Tl
e

oltage.

hining impulse tests are carried out in accordance with
312 (1996) High Voltage Technigues — Application Guig,

mduac

The switching-impulse test is a routine test for windings
having a test voltage greater than 300 kV.

The purpose of the short-crcuit test is to ascertain the
thermal 2bility of the transformer fo withstand a short

crout, as may be demonstrated by calculations.
urement of sound-pressure level examines the soungd

generated by vibrations within the core and other struchural
components of the transformer and tank. Tests are carried

using A-weighted sound-pressure levels, and are carried

O
':’-".'.- "—....'..---...| &

out 2t no load with rated excitation voltage applied. If 3

reactor-type t2p changer is fitted a tapping where the

Teacor 5 permanently energised is to be selected. Details of
the varying measurement tect mniques for different types of
1 enclosures need to be ascertained from the

idards Associztion document.

.'.;,;,; Prature thwmings] -

he test period (8,). The final
St the Bemuls

Methods of temperature
measurement

Am ong the —*_ﬁgz- that should be an integral part of the larger
ower SENSIOTmeTs is 2 pocket for a mercury-in-glass
¥ Wiich is used to measure the pil temperature in
-T. 1ne placement of this pocket is critical,

AS52374.2 (1982) Power Transformers -

i
= e

lentifies suitable locations.

chice in the measurement of transformer- : pare e -y ol - . g
S 10 monitor the temperature of the ___ jasarebased onthe notion i_:hat;:ap;_ﬁer a:e A
y simple procedure. Any temnperature th have 2 bnear relationship of resistan

i (ie the increase in tem




— In critical situations STl keiiia :

. 0° - 200°C. When this : . UStOTS placed
tem fure Iin the tE’]’ﬂPEI’EtUI'E Iﬂﬁge . = [ 15 not Commoanchmwl PRI S et
Imeﬂa tionship is extrapolated below the 0°C value there s , however, due to Preblen-is-.-th lﬂﬁ%j : .
situation where the apparent resistance of copper becom-e;,: zero high electrical insulation assm 3
B o Al A T o the risk of the electrical o Ted

zero at the value -235°C. These temperature values are . Sctrical circuitry
E:EE? Sfe inferred temperatures, and values of resistance EF‘EI'EE from “'lthm-.the ansf;
calculated from these formulas are called inferred resistance circuitry).

palues.
Measurement of top-oil temperature is made by a thermometer

placed in the oil-filled pocket of the transformer tank. l NSu Iation gf wi nding“-s

Temperature measurements are usually made with either 5

‘mercury-in-glass’ thermometer or thermocouples, Where there inerilatin .t 10
ml“na risk of thE thermocouple wires coming into contact with C|EI$SES of |_ﬂ$l.l|ﬂﬂﬁn aﬂd'-.lhﬁl]’ ﬂPﬂ'lﬁaﬁ_OnS ‘ -
any other voltages thermocouples would not normally be used. As you knuw’ most power transformer % y
The operation of the cooling fans and oil-circulation pumps are ;0;1:25 r;":fsmm fF‘_?eﬁw g ’ € ﬁ __ 02 s :
also under temperature control. This control is usually a manufactured as b, W _ ,il )
vapour-pressure temperature sensor located in a pPocket near . & VD65 Of mamiifichira kv A2 - A | ]
the top of the transformer. As the temperature rises so does the Sm:e Pulthfothﬁeﬂ' ’rypee '_‘Pat- v m ;: dlﬂEl'E:;dmulahen ' :
vapour pressure, and this acts to turn on the cooling fans then e I AL W'mﬁmga &'EY i considered ;
the oil-circulation pumps. If the temperature continues to rise Separaley o
the next change in temperature (pressure) acts to set off an : - R b beied
dudible alarm. At the next temperature setting the fransformer- fg&iﬁfjﬁm mﬂ;efm;ﬂ;ﬂ gt ﬁ i
isolating switches disconnect it from the electricitv o the temperature cldss of insulation A. Aus i L
1solating switches nnect 1 m ectmaty supply. Standard AS23742 sets the followin gtemperature limits: )1 |
For dry-type transformers (as set out in AS2735 (1984) Dry Type | ) o ‘,l ;:'
Transformers), the measurement of cooling air temperature is Table 1: Temperature limits for oi-filled transformers 3
made in one of the following ways: - 1
o TR | Maximum operating temperature B
* Fornatural cooling, at least three thermometers are placed InsaiaHOpics o | St B : = § (j
at different locations around the transformer, approximately lassof [ 65°C when ol flow is natural or A
halfway up the cooling surface at a distance to 2 metres asured | forced non-directional 70°C when i
from the ceeh’ng surface. - | oil flow is forced and directed F'

B whenithe trarisformer is fitted
' |m;mtm or the tank is |

| sealed il

- | 55°C when no conservator is fitted i

e s .' = .-

Fha aaled rmers that the i
recirculation Stream, and Preterably on a side without a cooler 1A ,l"ri- | 'ﬁ. e ﬂfﬁauam nsformer is to be 'II
it There 158 S B e fres above sea level. |
Cooling-water temperature is measured at the intake of the operating f€ wjmﬂmeﬂe& o

he d:scharge of the cooler is taken opemted jons Van % Again, for specific

¢ different readings at ne method of ISulasec, oF
€ intery '_3!5 (not greater than one hour ! ould be made to A
taken in the Jast quarter of the test

cooler. The teMperature at ¢
as the avVerage of at least th
“PProxXimately eqya] tim

“Part). These readin ox
o gs are

11 )

— e e e =l e = NUBSE v
. . — — b ) :\J Ll ..-h- _.I ! "-""- )
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Temperature rise for classes of

insulation

‘ A insulation, there is 4
ere oil-filled transformers use class
:::?ge of insulating materials that are used for dry-
transformers. These are identified in Australian Standard
AS2735 (1982), from which the following table has been

extracted:

Table 2: Insulating classes for dry

type transformars

r——_‘ e e

‘ Part

———— e,

Windings (with
temperature measured
' by the resistance
i' method)

|

/fmn (as for windings)
L

In mn'ﬂdvrln}, these tempera
AS2735 specifies that dry- typ
leur},m‘dj to operate in
temperature values in Table 3

Table 3: Temporature limita for dry-

—— -

{ Dutdoors

f
—

| Imhum«-

- —_—

[ Average temporature in any day

|[ A verage temporature I any year

Cooling
method

Alr - nnlumn A

or forced

S ————————————

ambient conditions

S

Temperature rise
max,

Class of
insulation

—.-._.________-__m
60

E 5'C
i 80°C
F 100°C

H 125°C

—g

ture values you should naote that
e transformers be tested (and
within the

lype transformers

—————

——

Not less than =25°C and no more
than 40°C

Not less than -3°C and no more
than 40°C

-.-..__,-_._._.—_..-

Not greater than J0eC

e —————

| Not greater than 20°C

s
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Tempam ire

.-’H-l' 'l . |

!".-"'

Cnnsider nowhﬁ' r ;

rd ,'_'. Iil .
remove the heati ! T
'——..._. J I1. H} il V)
11 13
itself. ﬂ\erenm three bagjc

‘ r"‘l —.:!_ ""l: I_l..-
transformer to pre r-t’"ﬂf rom oy
n'u ll. 1 ]|”‘|

* natural cony,
exchanger

1--.!'

natural convection ;,,r.ﬁ
(pumped) ﬂnwm 2 heat .

forced (Pumped)
exchanger,

Each method wi] ¢ Oy
operation of thecq '.\_
different values of temnerat;
transformer, e

f"
'ﬂ :

fr:., I-l. -1“:

rd[

lempemture differen qehatwm ‘; top
rates, so there is a smnllaﬂam
heat exchanger, the ""H“ "H
If, however, the flow thm
circulate cooled oil thm
i n.i{.--;"
convection flow wi
in the dissipation of heat from o

The oil moves at a v
the windings inside the t; har
# *THA; ~". e ,- 1)
top and bottom tempm alu 253
; ‘\i
and the hentexchungem sxternal to T*j'
while the winding flow is -w
pmporhon passes thrn
efficiency using thismgﬂl
kﬂ(‘lhng medium is dominant. ml tural

LDH"ECHOH; S50 With thls IH 001 ,I
Forced, or pumped, ﬂnwimr riab)
When the type of flow tn
same.
lemperature profiles v

Having the win immerst
For large power frannfuiht g
exchangers (rhdiﬂwm i vaa

! Power rmnalnrmnrs

“lw"“‘nll'tl

'J:'I o
T SR '.\-
—'H“"'Er' i e
f.F |" |

{ u ':"rl-? [""'I "’;""” I

ﬂfl:- ii |. Flll- 5 | 1_. ,. u e
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] ONAN/ONAF

given value of heat-dissipation capability. They are assembled
in banks allowing different numbers to become Operational a5 N
the heat to be dissipated varies. Groups of cooling fans can also For the dry-type transformer. fhe e s ,
be arranged to operate within these banks of radiators tq help the heat drl};st?ppahon foonn m\ H,T. r_'j" 0d of coc
dissipate the total transformer-heating losses. criticalfafiis cnnl:nuqd the transf ,

wEa OPeration.

The method of cooling used for the heat dissipation from the Stateq on the tt'ansfmmu The
transformer windings and tank is critical to the Operation of an identified by the code J¢ ters in ’ f?;
oil-filled transformer, and this information is stated on the -

transformer nameplate. The methods used are identified by the Table 6 DiypetE
code letters in Table 4: Pe lrans

Table 4: Qil-filled transformer cooling media codes

| P eSS . =
L B S
. e - LN .
- = B ey

Type of cooling medium

Mineral oil or flammable synthetic msulating liquid

| Non-flammable synthetic insulating liquid

Gas

LAl - _'!

El-E

Table 7: Dry-type
<l =l

=

——
———

= T g

-
]

The methods of circulation of the cooling medium ‘ :
: E
by the code letters in Table 5: 8 re identified

Table 5: Oil-filled transformer cooling-medium circulation codes

Type of circulation
f—— | __oh B
' Natura]
Forced (oil not being ‘directed’)
e e
Forced (with the pil being “directed D
' = w inside and alternatives of
| natur reed air flow outside

To ay
explain the way the codes are used, here are some sets of

letters marked
Marked on - : :
meznings €nameplate with their associated

, With force-directed oil

»and forced ajr circulation & B v flux heating and becomes
“p ames FEEEE Ly creas g MVA size. These

7T62AD: 7 Power Transformers
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It is possible to use a hlﬁﬂl'&muf i
e large earth-fault CUTTeNts and thyg ra
n the electrical system, THesa rexai
T A e e T o 8 o phikoy E’ltﬂ the electrical system between the .
Th&ec}‘:lf;‘ts of the power carried by each transformer you phase transformer and its i
For transformer A: Under nnrma]ﬂope_ration gw-e will be
= 1° kVA = 359 - 1305 kVA earth current owing, s0 there
471.7-40-4° kVA J reactor. When a Il&r-ge cl}l;;:.tral— m
- : however, the voltage pin
For transformer B: :
: neutral voltage from chan too
281/-31-1° KVA = 241 - j145 kVA s minimises any distunp oL
These add to give 600 - 450 kVA, and this is the same as voltages in the EIECH‘ICRY s
G i L Earthing transformers are three- Phase transform s (or
_ rer factor in these calculations Indicates reactors) used to provide an arhﬁﬁﬂllﬁﬂdenmﬁﬁﬁr the
e VARS to e e when o expres he lond s carthing of asystem at a point wheretis ofheriseuncnia
;he \ "ﬂ'u's is normal for calculations of this type. either by direct earﬂ'ung .ur bymMMnEmgmm, |
= h resistors or arc-suppression devices Wﬂ\ﬂmshtpnmtear&led_
: Earthing transformers are usua]lyformecmd mgaagur o
Using neutral earthing tar/ dela with thesa pint e, Almal he et
compensators winding may be broken at me-mmtmﬂnwﬁs@%bk |
: inserted to increase the zero-sequence
resistor (or reactor) to be inserted < LIS Ze10 ey
In an electricity-distribution system safety is an object of the impedance.
greatest importance. The major reason for the use of such

devices as earth leakage circuit breakers (ELCBs) is to have the
main system arranged to achieve maximum safety to personnel
and protection of equipment against damage.

In any installation, the vast majority of electrical faults are those
involving earth (as Opposed to phase-to-phase faults). If the
value of prospective earth fault current can be reduced,

protection against damage to equipment can be significantly

connected between the ne
at each point of sy Pply of
CONnections are made INsi
a safer and more stable e]

electrir:_ity to a user. These

de the main switchboard and result in
ectricity supply

_ uctors and cables andfd ltage
values in the SUppIy systern estabilisation of vo g
N\\\‘_ U .
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— s Sk 'H_'_'—I-—.____

b b oce winding connections which allow the third. 0N Af L '
. ]1:::; :,E:; l_i.};l; nl; tll:':‘ :;:;1:; :::}:::3':01;';2:\’ uch allow the third tcr;aoirl.]gfigtlon of three-ph ase

describe the differences in the occurrence of harmonics n
type and core-type transformers connected Yy

shell-
describe the types of electrical loads which create harmonjcs

within the electrical svstem

describe the hysteresis [oss in a transformer

o describe the result on the p]‘lﬂﬁe.-hj}-Ph'ﬂfEE and/or the phase- Section § showed tha e
to-neutral voltages when there is no third-harmonic paralle] tﬂ-ﬂ.l.lppl th _':.Bpetangn of Single-phase transfo ;
component present in the excitation current drcumﬂtﬂnceawh Er:.sgmg Ioad. There ok rmers in

: | to operate in 3 sira:1. 'u“ee';PhﬂBe transforme .
e describe those winding connections which allow the third- 8 "emam“m&nner The most cun':;:? gfbti:.g :f:d
o

harmonic current {'i."ll"ﬂ]."’{.'l['lﬂl"lt to flow

* toincrease the reliability of the electricity sﬁpply.

describe the purpose of the zigzag winding connection

e describe the differences in the occurrence of harmonics in If the load .Of-a o
: NSUMmer increases :
shell-type and core-type transformers connected Yy Exishng.-auppl}r transform:. it will I;:}';Il:;;'le = a‘flg of the
replace that transforme ! ary to either

e describe the types of electrical loads which create harmonics transformer mpame:;::lth 11&;5&[ one or tO‘PlaCE a second

within the electrical system, usuaﬂy .[m,mive ’topmlﬁ d); 5 Eegafgder(LMting load. It is
N G A ond (parallel
transformer, and this is a Very common practice. )

There are some conditions where the reliability of the ici
supply-tegﬂ:gam important. Examples are ht]t;spitals,ejecmmy
communication centres, and high-rise buildings, where the
failure of the electricity supply would have serious
repercussions the health and safety.

In these situations it is normal to have at least two, and
sometimes more, transformers connected in parallel to supply

these facilities. To improve the reliability, the primary

ransformer connections will possibly come from different bus-
bar supplies. Should one supply (or its associated transformer)
ﬁﬂ&ﬂiﬂﬂbﬁttﬂﬂﬁﬂﬂm& albiet reduced, supply available
to ensure the continuing operation of essential equipment.

_Conditions for parallel operation
."1"_'11 A a_ii_l_glﬁ'*l’hﬂse,mmmem Operating in
: certain requirements that must be met to
o satisfactory parallel operation of transformers and
H W@Pmpﬁmﬂn to kVA rating:

¥
9
i

S vinding(s) must be suitable for the supply-

4 ' ' ¥
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The voltage ratio must have the same value for each
transformer. (For three-phase transformers this does not
necessarily mean the turns ratio must be identical )

In addition to these requiremen ts, when !'hrEE-pha{;e
transformers are to be conne::fred in parallel, to a_chleve load
sharing you also need to consider the effect that ‘_’“?Tm‘ | ph, ase
djsplaceﬁent between primary and secondary Wmdmgg will

have on the phase angle(s) of the respective secondary VD]tages_

This phase displacement was discussed in Transformer Group
Identification of Section 6.

When transformers of different vector BTOUps are connected in
parallel, the primary voltages will b_oth ha}'e the same phase
angle but the secondary voltages will be dl&p]acgd from each
other (ie there will be a time delay between maximuim
instantaneous voltages of the same phase, due to th_e internal
transformer phase displacement). The mterconnecnng cabling
(bus-bar) between the transformers on the secondary side wil]
then act as a short circuit to this instantaneous difference in
voltage, allowing large circulating currents to flow between the
secondary windings of each transformer.

These circulating currents flow within the transformers, but do
not flow into the load, and so reduce the effectiveness of the
transformers in paralle] to meet the load requirements.

The above explanation is intended to identify the difficulties
created by having transformers of different vector Broups
connected in parallel, but there are ways that these difficulties
can be resolved. These are explained later in this section.

When connecting three-phase transformers in parallel for load
sharing the following conditions need to be satisfied,

* The polarity of the secr:mdar}r-wmding connections must be
the same sp that the maximum instantanegus voltages from
the secondary wind ings synchronise,

* The secondary windings of the transformers must be
connected together having the same phase sequence,

* The w.-r;]t_a 8€ ratios between the input-line voltage and the
output-line Uoltgg!? must be the same While some variations
may oceur (possib| y due to voltage regulation with

e —

TT62AD: B Power Transformers
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lr; Eic;tgg 1tis desirabla ¢ select three-phage transformers
same im orme
equivalent cireyi) fgreg I in g j

Operating in paralle] o less than the ithmeti
ratings of the twg transformers, & ke

Parallel operation of different vector
groups

If one of a pair of transformers to be operated in paralle] is ‘from
Group | ﬂlsvinga: phase displacement of 0°) and the other is
from Group Il (having a phase displacement of ~30°), there is 4
30° instantaneous phase displacement between voltages of the
same ‘phase’ on the secondary side of the transfo nner.;h:s
voltage sets up a circulating current between the sec;l} t;y
windings of the two transformers which can be seve es

the rated secondary current.

Three-phase transformers of these types therefore can’t be
operated in parallel in this manner.

e mﬂuee hnge mﬂiﬁtﬂm f?“tlmﬁ‘lp;;ib:le )
L ST i K . .-.‘. =T s : ] : r
mh;dups.g;i be placed together in parallel for load sharing

duty- TN in paralle]

Iy, connection of three-phase B8 B ton
Generally, connection OS85 b g the
should be limited to B AL
El’ﬂnpﬁt . Ly
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! = = R ! _ .
be,.'wm&a, iTar Sformer o |
| B Tmmfm A -i_" |;"f':t" - : _ f:_'_ &

| the primary side) ¢ 55 .£ . e
T atea(;mPIWan‘jaGrmHDy transforme. o . 222 0 Ohme
h’smﬁ_ i pwara!hi provided ﬁmslar-pomtmnnecum of value for transfo S BI68 . 80
ﬂﬁm},“mdmgsofmh‘arsfummnsdungaitome _ . :
other end of the windings. Solution
By reversing the polarity of the connections of the secondary Expressing the Tansformer s
,.,:fr?mgnfmn?;e tmnsfomne:s,}'cmaremﬁnga 180° polar form: : e
Phag&angiem&nmﬂmmnm&malwaymwhid.ﬂﬁs s
transformer would be connected. This, togeﬂmr with the 180° ZA =&"tm
fypes, adds to give an effective zero phase angle displacemeng
at the secondary terminals. Z:B
Thus bw‘rexersmgﬁtepola:ityufeachsecmdaxyphase
winding, three-phase transformers of different (but compatible)
phgsegmupscanhephcedboge&lﬂ-umﬂelfmlﬂadsmmg ZsA+ZB
duty.
Note: This is not 2 common technique, but it can be used in o The load carried by trar
Emergency sifuation A TcE
10004
Calculations of load sharing when = 501-9/-26.1°kVA
operating in parallel - 450-6-j211kVA
Asexplamedearher,“hmﬂvotransfnrmersaremnnecmdm VL =y .
paraﬂe]tnsupph'ﬁ'emmelnad&eloadisshamdbehvm The load carried by trar
ﬁﬁmmmmTﬂSEmhﬂtDmIBfHﬁinﬂlPEdances The
ton regarding their respective Impedances can be 1000-
determined in severa] Ways, as has previously been shown. The  1&0-2.
following examples are intended to demonstrate 2 variety of the =498.0/-25-4°kVA
used to calculate what proportion each of two e
ralleled transformers contributes to the common load. =449.7-j213-9kVA
When analysing the OPeration of three-phase transformers
mwmpa:&ueltoguppl}rﬂmmlmd’itis r__u!-i
useful to be able to czlculate the pPrimary voltage to the T e
mfmtam 2 given secondary voltage to a connected load. The the connected | ;
following example deme tes this type of calculation. s expressed in e
Note that tra
Example 1 However, since
3 cause any prob
Aioad;:;} I]i}j kVA 15V, three-phase at0 9laggmgP0 er it
hase o PPoedby two identica] 33 000/415V 500 kVA
eais e Diingcostpasa g Example 2
uﬁﬁ;ﬂm:‘m"gﬂfﬂmwmdmgfm&wmm& .
wtmﬂtemwmfsﬂmm&mdﬂmmwass&mhed Two three-p
Urmtad,ﬁaefore,ﬂtereisadlffemge supply a fc al Ao
ratings and i
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. 7.=285+8=8570:4%
A E '

Z
Ioad carried by transformer A 1s

kVA . X Zs
Z.q + Zl-"

kVA, =

20002-36-87°x3" 12274 -2°
: 8-5.70-4°
— 734 kVA at (-84 pf lag

KVA o X Z,
Z, +Z;
20002-36-87°x5-385£68:2°
) 8-5.70-4°

kVA, =

=1267 kVA at 0-78 pf lag

Note that the transformer B is overloaded

Transformer A values referred to 200 kVA base:
(4 +j10)% = 10-77.£68-2°%

Transformer B values:
(1+74)% =4-12276°%

Zy+Zy =(4+j10)+(1+j4)
= (5+]14)%
= 14-87.270-35%

Load carried by transformer A:
KVA i XZ,
Ly+Z,

B 240 k£-36-87°x4-12/76°
14-87£70-35°
=66-54-31-22° kVA

kVA, =

S0, kW from transformer A:

83-12 % cos -31.22° = 56-87 kW

7762AD: 8 Power Transformers
© TAFE KSW 51T

kVA,,, X Z,
Zy+Zy
_ 240 kZ-36-87°x10-77.£68-2°
14-87.£70- 35°
=173-82-39-0° kVA

kVA, =

So kW from transformer B:
217-28 x cos 39-0° = 135-1 kW

Note: Transformer B is overloaded.

3 Winding transformation ratio is given by:

11 000
415/-/3

The R on the primary side:

=45-91:1

7+[0-003 x (45-91))] =7 + 6-32
=13-32 0

Rated primary-phase current:

500 kVA
3x11kV

Then total (three-phase) full-load copper loss:

=15-15 A

3%15-15°%13-32=9172 W
(a) Efficiency:

Output powerx100 400 kW x 100
Output power +losses 400 kW +5 kW + 9. 172 kW

= 96 " 58?"'0

(b) With a 200 kW 07 pf load, the transformer is loaded to
57:14%, so the copper losses at this load are

(57-14%)* x 9172 = 2995 kW

200 kW % 100
200k +5 kW +2.995 kW

=9-16%

Efficiency =

4 Full-load copper loss = 1-2% of 1000 kW

=12 kW
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—i ~ jarmonics in three-phage

As you would have read earlier, the currents flowing in the rmers L
ansto L

y
secondary delta are in the ratio 2:1, as indicated by the arrow
adjacent to the respective secondary windings, When these 4 H.
reflected into the primary delta windings again they flow in t?
ratio 2:1 in the primary windings, as indicated by the aArrows i

Alternatively, the same analysis could be carried out ysjn the
currents identified by the subscript notation, In this lnstalﬁ: ’
the current flowing into the load E made up of two parts f;c’

K » Wy

and /g, and you should note that the current I, is equal to J,
where the order of the subscripts identifies the Positive vu!u:-_:,,c

current flow,

When these two secondary delta currents are th
| | en refl |
the primary delta, the resulting currents are Liy and f,‘: c:it:i i
these add at nodes A and B to result in currents ﬂowinp’[n lines
) <<

A and B of the supply.

By considering all the various single-ph

| ‘ 1 phase loading condi
exp!ammf, you can identify a systematic wa y of dejien:inlit;npm
the flow in the primary supply resulting from a single-ph :
load on the secondary of the transformer. e

l;nnjever, it may be easier to consider each situation in the w
that it has bm,fn explained in this section and develop the g
currents flowing from each of the d lagrams provided

M Check your progress 2

1 When a three-phasge
ot phase transformer has a st _—r .
a 5 4 star win - )
It1s preferable to have the star point connected L::}ng\él:zﬁ; ‘-";Plﬂll"l why
rail,

: stormer with a del i
rovide o _ , elta primary a ]
ﬂh ich zuarff :::] o ”hm’;th“ primary and BZcondﬂyr}f r‘fiﬁi?&?cﬁ g
the secon ; W when a single load
Aary between a star winding termirgl anddtlfn?: z?::‘;‘i?t;ﬂ: ¢
. D {

You can
check your answery 41 the end of the gection

—
EE—
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In Section 5 the source of v

linearity of the B<H curye md di

magnetic circuit) were explained. You g heiet i
particular explanation before proceeding ane fou
about the Bources Gf \arm 5 '. '- e Eff-{- 86 Fanefor

Any distortion from the fundamental shaoe of the sined
waveform can be mathematically expressed as s ‘serio af s
and cosine terms, This is called th Eou) r.,“-"_I:I,‘E
are derived from frequencies that are :HLE“?" ,

or fundamental -frequmqr,;- he d

mathematically as an equation cc
gections. These are Ty 5Ll SRS
g q-rl*_“lﬂl&'l

o a constant value, which is, in effect the de co
present in the distorted wave

o two series of terms, being sine ¢
the first term of each series having the frequency of the
fundamental and each successive term having a irequency
value of an integral multiple of the J"“mlﬁ’niﬂhiu';'!'-'!:-'.1'7"'"‘-'"'l-r*""-' :

oxample l.:"*._"- s Fourier
exampie Of a FUEE

81

Bl b b T

The following aquﬂﬂgﬁﬁﬁ.r sle exa ‘ P
| 3 I - N iln ane ol

d # -
v ..f 1-"I"E| __f+ -11.' .
e b T »

£(t) =5 + 3 5in 3141 + 2si 6284 - 4sin 9
..+ bcos3lat+ 3@1&!&}* cos A2t + ...

- u“"..Jl"lI
7 T m i

-.-n_'-r.-.s.:-.‘-._!._'*'- F]{ AR
electrical circuit, S

i o }:':::.!‘-":--.'?{"i 1 be th
As you ’**"“l':* " veform, The term
any dc cnmpmﬁ 4} 4 L;*&;.r’l ‘,. o fundamen
containing the ‘314t term are the sk
(frequency). 11 iU

I:I .

(equation 1)

| e riaall
the MmaE!




The terms with 6281 (belng 314 £ % 2) are called the second
harmonie; those with 4217 (3141 % 3) are called the third
harmonic, and »o the series continues unitil the magnitucle 0l any
harmonic term is so small that the term may be neglected,

As the frequency of the harmonies Ing reanes, 80 the effective
inductve in the cleeudt at that prarti ular frequency INCrenses
(because X; » b)), This results In the current wllulwn of the
higher frequencies being quite amall, and ao any frequencios
above the ninth harmonie can }:*'Ht‘m“\' b IHHHH"ll unloess that
particular frequency Is belng used for o special PUrpose,

An example of a higher frequency belng used for a upecial
purpose s the use of [requencysinfected '.'nll.-mwa o control the
operation of off ]u'.-tl. nllirlmlu't'n, or to control street “Hh“”H- I
these Instances, the higher frequency i usually infected nto the
electrical system on the residential (load) side ol the

transtormer so that the attenuating effect of the transformer

does not affec the anrl;ll.

Ax well as belng created for a Npecinl purpose;, harmonics aluo
will oecur due to certain types of load lu*inH1'nn||m~[ml o the
olectrical systom, Any type of electrical load that does not have
a linear character islic (e does not i'lml]*h' with Ohm’s [.1w) will

produce harmonics
He mout noteworthy examplos nre
|

*  thyristor control clreutts, such as are used for HI["III"*MP[.‘I‘”
control or Hght dimming appli ations, where the sinusoldal
Vi :Il‘.lw' wavelorm iu 'l'hnll’u'ar

*  luores ont h“i'll !lHHlHr.J whore f'nu”;mln, lw‘ ”ﬂ[llrll”ﬂﬂ, nre
used to Hmit the urrent passing IhrnuHh the e e
Hattens the shape of the gine wave of the current and croates
harmonices

In thiy way the '|!'.III'1|'|H|||;-1 1N ot ””h. illl‘l't'[l'tl I‘V ”."_
magnitude of the lond | onnected, but alse by the types ancd
unctions of the devicey which constitute tha load, Note that
the heating of e from each “eparate frequency Iy additive,

Al vou u.-.ni Proviously, the harmoniea are deseribed by the
multiplying facto by which the pParticular frequency of the
harmon|c {s Breater than the hlruhmu-nm! !n-qnun:'y and are
penerally Rrouped ay belng odd o aven, um hh'll!ll’it'd'lw ”.“'!

lrl”“i]l]"-'"]:’_r 1 T h” h‘", “.h . .
} L) | ¥ ' J [ " 'y 3 Y ; \ |.~_
undamental h thelr fre quency varies from the

FTR2AD! B Power Transfanmar
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When onl

add together to form a
symmetrical about e
values of Hime (s 4 mirr
time). As an example,
third-harmonic frequ

#= g (Final distorte
witvalonm)

» Final distorted

% N\

Figure 8: Waveshapes from first and third harmonio

9, diagrams (a) and (b) show the third harmonic at a
:inl ff:?:nl?t&n :l‘?lplum;mt relative to the fundamental, and the
resultant change to the waveshape {s obvious,

Now return to the situation regarding the effective inductive
g:l:mmof the lreuit being different for each different
harmenic frequency (le Xp = L), It then follows that the phase-

angle relationship between the voltage and current is different
for each harmonle,

| hase angle between the voltage and current
Flavin ;__"_duf";:ﬂtg pirt of ﬁ_w cause of a time displacement
.{::i:'lﬁﬂ'lndi\‘lﬂunl harmonles, ax shown in Figure 9,

. - ing towards a time dispiacement
W%E‘ ﬂrdlwl;?tmf various frequencies comes from the

3 Wm_‘gh. Current wavelfonn, as occurs within SCR
i,

*acional
: '. -w . : ah .
i o at which the SCR i ‘gated” will establish q

Here, for t flow. The action of the curren| Howing
i edlance which has different hnpﬁinnn_!ang!m
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L * the t}‘PE Ofmﬂsne'-ﬁc muﬂfﬂ!ﬁ h -
for each frequency will result in the various frequency T € Winding conﬂs'uratiom |

voltage having different phase angles,

ts of voltage having .
components ¢ b | Thre E'thSE o ha
[f any even harmonics are present, the resultant waveshape ig (shown in Figure 11) WI El‘u“chl:’: ,

A e rert xis. Having non- -+ THNAN have

strical about the vertical axis . shell types, !
an.:l F}rr*nr;lj'?c{.;tlr:-avcsl1a pes present in an electrical system should ‘legs'?thn:;]fymmgf | s four or five
Symime st equipment is designed and manufactured to : ' normally ,
be avoided. Most equipme ! L Y used.

otherwise absorbed without any adverse el?fects to the } :

. uipment or the system. Waveshapes having even-ha rmonic %
ec : Ve . ; te T

a.:f;!mpnnents are not symmetrical, as shown in Figure 1.

oy o

e

Figure 10: Even-harmonle component waveshape

: . he core type has only three legs, with the respective primary
Control of harmonics in three-phase A secndary windings beig Bved over top of each other

transformers eneachleg.
ell type can have either four or five legs,

Ihe presence of harmonic frequencies and their control in g e le and other factors associated with the operation
electrical systems js 5 VEry complex subject, Here, you should e er in t one or both end(s)
limit yourself to the presence of the third-harmonie frequency sy ng This lack of winding
In three-phase ‘ransformers, There are several features o g F the o agnetic circuit from
associated with the construction of a three-phase transformer requencies present because the outer leg(s) allow a
Which have an effect on the presence of harmonics in the e path for any magnetic flux seeking such a

transformer windings. As far as the third harmonic is
concerned the two main fe

T762AD; 8 Power Translormers
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for any resulting third-harmonic currents to flow through. This
Ll € - L : : '
feature is actually used in several ways.

By having either a primary or secondary delta, or by having a

tertiary delta winding manufactured into a star/star
transformer, the delta winding will become a frap for any third-

harmonic frequencies. The tertiary delta winding all‘?w_s any
third-harmonic currents present to circulate frjeely. within the
tertiary winding, which is effe-:h'_uelj.-' a shprt c_1rcu;1t for the |
third-harmonic frequencies. Obviously this will create heating
in the tertiary delta winding and the transformer, but such a
winding is designed to dissipate this heat, and the heating from
the third harmonic would otherwise Qrﬂs't in the “r"‘l.l"‘ldmgg of the
transformer anyway, so the benefit of using the tertiary delta to

control the third-harmonic frequency is achieved.

The tertiary delta winding can also be used where it may be
necessary to measure the magnitude of any present third-
harmonic frequency. This measurement is achieved by making

voltage measurements on the tertiary delta.

For a zigzag (interstate) arrangement, using voltages from the
same winding (which is fitted to the same leg of the magnetic
core) to oppose each other results in the third-harmonic voltage
in the two halves of each winding being in opposition. This
causes cancellation of third-harmonic frequencies in both the
phase and line voltages in the electrical system connected to

this type of transformer.

I\/i Check your progress 3

[ g

List at least three types of electrical equipment that cause distortion to
the current waveform.

Explain what happens to the impedance of an inductive transformer
winding when harmonic components of the fundamental current flow

in the winding.

7762AD: 8 Power Transformers
© TAFE MW 960511057

Check your progress answers

Check your progress 1

1000 kVA secondary full-load current-

Transformer B:

;. VA
L= 3y

_ 1000 kVA
V3 x11 kV

=52-49 A (line current)

IR, x100
ﬁxlf;
- 52-49x2-[]6><1{}ﬂ
V3x11 k
=0‘56?“fn

R% =

7-27x0-567%
2:-06

X% =
=i b

Transformer A:
Then Z, is
Z,% =2+j5
= 5:385268-2°% on 1500 kVA base
and Zy is
(1:7 +j6) X 1:5=9-35.274-2°% on 1500 kVA base

when converted to a 1500 kVA base.




236 ELECTRICAL POWER

6. Explain briefly the advantages to be gained by the insertion of reactances
in the bus-bars of a large generating station. A generating station contains
four identical three-phase alternators 4, B, €, and D each of 20 000 kVA.,
11 kV. rating and having 209, reactance. They are connected to & bus-bar
system which has a bus-bar reactor rated at 20 000 kVA. and having 259,
reactance inserted between B and C. A 66 kV, feeder is taken off from the
bus-bar through a 10 000 kVA. transformer having 59, reactance. If a short
circuit occurs across all phases at the high voltage terminals of the trans.
former, calculate the current fed into the fault. (Nat. Cert., 1935.)

7. The bus-bars of a power station are split into two sections 4 and B,
separated by a 59, reactance (based on 10 000 kVA.). A 30.000 kVA. goenerator
with 109, reactance is connected to section 4 and a 50 000 kVA. genorator
with 129, reactance is connected to section B. Each section supplies a trans-
mission line through a 40 000 XVA. transformer with 69 reactance which
steps the voltage up to 132 kV. If a three-phase short-circuit occurs on the
high-tension terminals of the transformer connected to section A, caleulate
the maximum initial value of current which may oceur at a short circuit.

Describe how you would estimate the current which a circuit-breaker
operating after 0-3 sec. would have to interrupt, and explain why this value
would be different from the maximum initial value as caleulated.

8. A three-phase system of voltages is given by

V,=1000[35° Vp=3000|100° ¥, = 2000 [270°

Resolve these voltages into their symmetrical components, namely, a
balanced positive sequence component, a balanced negative sequence com-
ponent and & zero sequence component,

Explain how the method of symmetrical components can be used for the
calculation of short-cireuit currents under unbalanced fault conditions.

: (Lond. Univ., 1934.)

9. Two 3-phase, 6-6 kV. generators G, and G, feed into common bus-bars,

which are linked by reactors B to a second set of bus-
? £, bars: the latter are also linked to & grid system of large

capacity by an interconnector I. From the bus-bars,
feeders F, and F, supply & network N, as in Fig. 191.
The percentage reactances are as follows—

G, and G,, each 159 at 50 MVA.; R, 59 at 10 MVA.;
F = grid system through 7, 109, at 40 MVA.; N, between I
4 £ and Fy, 109, at 100 MVA., The impedance of each feeder
¥ 18 0-01 4 50-02 ohm per core.
’_ Determine the maximum symmetrical fault current

that a circuit-breaker at X may have to clear, in the
event of either one or the other of the feeders being
Fra, 191 disconnected. (Lond. Univ., 1949.)

E




CHAPTER VIII
SHORT CIRCUITS : SYMMETRICAL COMPONENTS

Introduction. When a fault occurs on a network such that a large
current flows in one or more of the phases, it is said that a short
circuit has occurred. The fault may be a short between one phase
and earth, between two or more phases and earth, between two
phases only, or across all three phases; a short between one phase
and earth will cause a short circuit only if the neutral point is
- earthed. Itis necessary to know the maximum short-cireuit currents
- that can occur at the various points of a system in order that
circuit-breakers may be selected that are adequate to withstand
- the currents and operate successfully to cut out the faulty section,
~ and also in order that the protective relays may be selected for
correct operation. Moreover, it is necessary to be able to calculate,
approximately at least, the size of the protective reactors which
must be inserted in the system to limit the short-circuit currents

- bo a value which is not beyond that capable of being withstood by
the circuit-breakers.

The short-circuit currents in an alternating current system are
determined mainly by the reactance of the alternators, transformers,

=

Wﬁﬁwﬂﬂbﬂm—ﬂﬂﬂﬂ of phase-to-phase
aults. en the fault is between a phase and earth, the resistance
of the earth path may play an appreciable part in limifing the
ourrents, =

Percentage Reactance and Short-circuit Currents. The method
‘of specifying the impedance or reactance of a piece of electrical
plant, as described in Appendix IIT, pages 471-2, is very conveni-
ent for the calculation of short-circuit currents. The percentage
reactance is given by

(% X )= (IX|E) x 100, . = . (99)
‘where X is the reactance, F the rated voltage, and I the full-load

- ourrent. If the piece of apparatus is the only impedance in the
circuit, the short-circuit current is given by EfX, which by

equation (99) is
Iy =E[X =1 x (100/% X). = - (100)

Thus the short-eircuit current for a single piece of apparatus is

- the full-load current multiplied by (100 E[E'ﬂaed by the percentage
reactance). Thus if’ the percenfage reactance is 10 per cent, the
short-circuit current is 10 times the Tull-load current; if it is 40 per

- cent, the short-circuit current is 2-5 times the full-load current.
209 ==
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If there are several reactances in series of magnitud
_ es X,, X,
and X, the short-ecircuit current is o S

B - E
A%+ X, @D (%X + B0 (% o) + B0 (% X5 < 100
100
(% X1) + (% Xa) + (% X,)'
by application of equation (99) to the various reactances.
It often happens that the system contains plant of different

ratings, and the percentage reactances are given for the respective
values. It is then necessary to allow for the different ratings in

the following way. Suppose the generator has arating of 10 000 kVA.
and a percentage reactance of 7, and a transformer has a rating of
8 000 kVA. and a percentage reactance of 5. The full-load eurrent
of the generator is (10 000 000/E) = I,, say, so that its reactance is

X, = (8 x O(I; x 100).
Similarly the reactance of the transformer is
X, = (E X 5)[(I; x 100)

where I, = (8 000 000/E).
The total reactance is

= I X

B B x5
X =
1+ X I;x1m+15><100_
v J 1] E Bl
S R T RO Bl
L aI00) i T le100[7+5EI?]
SRt 10 000
“leloo_q+5x'sooo}

end the total percentage reactance referred to th -
10 000 kVA. is e referred to the rating of

&,

t% X} ==3 Il(‘xl + ‘Xl}

B

% 100

10 000
=T74+6X 8000

= T + 6:25 = 13-25.

Thus the percentage reactance of the transformer is multiplied
by the ratio of the generator rating to the transformer rating in order
that it may be expressed with respect to the generator rating.

If there are several pieces of apparatus in the cirouit with different
ratings, we choose a basic rating and refer all percentage reactances
to thas raling by appropriate mullipliers. We can then add the

;  SHORT CIRCUITS: SYMMETRICAL COMPONENTS 211

percentages, if the pieces of apparatus are in series, and the short-
. circuit current is then found by equation (100). The following
¢ example illustrates the method.

. Exawmrre. Find the short-circuit eurrent in the single-phase system of
~ Fig. 185, if the fault is a short circuit between lines at the point I which is

. 10 miles from the transformer 7. The reactance per mile is 0-2 {). The voltage
. is 6-6 kV,

We take 2 000 kVA. as the basic rating, so that full-load current is
I = 2 000/6:6 = 300 A.
‘The percentage reactance of the generator is 8, and of the trans-

" former T, 7 % (2000 = 1200) = 11-7. The line reactance is 2 £2.,
. 80 that its percentage reactance is

300 x 2

6600 X 100 = 9-1.,

2008VA 1000374
g% 7%

g O .
B [ ~—— 0 miles —

- ——

23
5o

8004VA
Frg. 1656

-

The total percentage reactance is

| 8 + 117 4+ 9-1 = 288,

: 'i.-.ag that the short-circuit current is

p I, =1 x (100/% X) = 300 x (100/28-8)
=1040A.

We could use the direct method, which consists in the reduetion
- of percentage reactances to actual reactances. Thus the reactance
. of the generator is

b E X (%X) 6600 x 8
B I x 100 ~ 300 x 100

T

= 176 ().

J The reactance of the transformer is similarly
ke 6 600 x 7

1200

=2'ETQ.
300 x (220 1o

2 000
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The total reactance is 176 + 2-57 4 2-00 — 6
short-circuit current is + 200 = 6:33 ohms, and the

I, = 6600/6:33 = 1 040 A.

If some of the pieces of apparatus are in 1 :
i ; parallel, their re
and hence their peruenta,g_e reactances, must be c'ompound:;t;;i?a’
method used for parallel impedances. Thus a percentage reactanc
of 10 in parallel with another of 15 gives a resultant value of ’

10 10515
I T 10+~ "
10713

This method can be used for '
. generators in parallel, as gh i
the following example. In the caleulation of such ]::roblzm{?;}: lig

1000k VA,
8%
N
3300V gt
1500 %V o T
10%
N
Fia. 166

assumed that the generators have e i i
: . qual voltages which &
phase; the error caused by this agsumption shuuic% not be seriuﬁa. >

Examrre. Two three-phase ' '
generators of ratings 1 000 and 1
and of voltage 3-3 kV. have percentage reactances Ef 8 and ?3, witgﬂge]:;::i;

to their ratings. A short acr 1
Find the shortiaisacte t‘:l.u‘ran';.aﬂ all phases oceurs near the common bus.bars,

Eha system is shown in Fig. 166.

et us assume a basic kVA. of 2 500, which i

. J ; i s the sum of h
ratings. The percentage reactances with respect to this ra;tinzf &?gt

8 X (2 500/1 000) = 20

and 10 X (2 500/1 500) = 16-7.
The resultant percentage reactance is
1 = 1 Rl
I 1 ~605+006 om— "
20 ° 167

The short-cirenit kVA. is therefore
2 500 x (100/9-1) = 27 500.
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" If I, is the short-circuit current per conductor, the kVA. per

| - phase is

T,. X (3 300/1/3) = } x 27 500 000,
27 500 000 X /3 _
o that Iy =T Yo = 4810 A

The full load current is one-eleventh of this, i.e. 437 A.
Symmeftrical Short-circuit Currents. The short-circuit currents are

'- symmetrical, i.e. equal in the different conductors, if the short circuit
. occurs across both lines in a single-phase system or across the three

wires of a three-phase system. The methods developed in the last
section are adequate to calculate such short-circuit currents, and the

- two examples illustrate the methods. If there are several generators

6000k VA. 7500)VA.
5-5}:-!'.@ 3
6-6/33kV. 20 Q. reactance
. 1—'6&6!5 T
4000 kVA. 5000%VA. Short
72% gf’g
5-5&@ 33
66/33kV
Fia. 167

in the system, it is assumed, as has already been stated, that the
e.m.f.’s are equal and in phase with each other. When the system

'~ is complicated, the star-delta equivalence of Appendix III is often

of great help in effecting a simplification of the network. Sometimes

| Thévénin’s theorem is useful in obtaining the result quickly,
~ especially when generators have unequal e.m.f.'s.

Exampre. Find the short-cireuit current in the system of Fig. 167, in

. which one generator is generating at 6-6 kV. and the other at 6-5 kV. The
~ system is three-phase.

- The voltages per phase are 6-6 kV/[+/3 = 3 820 V. and 65 kV.f+/3

. — 3750 V. The full-load current of the larger generator is

6000000 6000000 _ .,
3% (6600/+/3) /3 X 6600 2

80 that its reactance per phase is

(% X)x B _10x380 .,
%100 " BZ5 100 o ok
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In the same way it is found that the resctance of the other
generator is 1:31 Q. Tt is assumed that the rated voltage in this
case also is 6:6 kV., although the generated voltage is 6:5 kV,

_ Similarly the transformer reactances referred to the low voltage
sides are 0-292 and 0525 Q. The line reactance transferred to the
low voltage side is 20 = (33/66)2 = 0-8 Q). The system is then as
shown in Fig. 168. We then apply Thévénin’s theorem to the
system to the left of 4. The voltage when the line is disconnected is

3 890 (3 820— 3 750) (0-727 + 0-202)
0:727 +- 0292 + 1-31 + 0525

=3795 V.
3820V,
07270, 02920,
TS
45 0-8.). % :
3750V, B ——H—— -
7:310. 0-525.0. Short
L1k '
Fia. 168

The impedance is

(0-727 + 0-292) (1-31 - 0:525)

0-727 4 0-292 4 1-31 - 0525 ~ RO
The short-circuit current is thus

3795
0654 08 — 2.000 A.

The actual short-circuit current is
2 600 X (6-6/33) = 520 A.

520 A. 18 the r.m.s. of the steady short-circuit current, whilst the
peak value is 520 X 4/2 = 735 A. There may be an increased peak
value due to a * doubling effect,” which, in circuits of normal value
of reactance to resistance, is 1-8 times the steady peak. Thus a
maximum peak value of 18 x 735 — 1320 A. may oceur,

Short-circuit Current of Alternators. When an alternator is
shorted, across all three phases, say, the current rises rapidly to a

igh value, ab 8 times full-Toad “current in t -alternators
whi ave cylindrical rotors,/and about 12 times in enerators wi
salient poles. The value of current is limited only by the

b:amf nt or leakage reaciance of the armature. Moreover if the short
crreult occurs at an instant at which the vo tage is zero there is a

doubling effect, and the current wave is offset from the zero. Fig. 169
Ehﬂ"ﬁ':‘-"ﬂ the kind of current wave obtained. If the rt_circuit
peraists, the wave becomes symmetrical ; then armature reaction

i E i
VL
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. s 4.to 6 ti : : u}
_ effect of armature reaction is to consider it a8 increasing the transient

. impedance to the synchronous impedance.

. " The doubling effect may be demonstrated as follows. Let the

* generator be considered as an em.f. E sin (wf + 0) in series with

. an impedance (R, L) which is the transient or true impedance. 'If a

short ocours at { = 0, the equation for the short-circuit current is
L(di/dt) + Ri = E sin (wt + 6).

The complementary function is given by
L(di[dt) + B = 0,
¢ = Ag— (BILE | - . . (101)

b 1.e.

¥

[

i Load 0, S T L7
. Current

\

Fig. 169. Dousrixg EFFECT IN SHORT-CIROUIT CURRENT

_ Current

The parvicular integral is
B : r,uL)
) = 6 — tan—! — |, . . (102
' VIEF @D (“" T (199)
. which is the steady current under these conditions. The actual
. current is the sum of the currents given in equations (101) and (102).
. At t = 0 the current is zero. This gives

' & ; 2 —1{”_L)
y “=A+4[Rﬂ+{mm=]““‘(ﬂ B
" The current is thus \
e o E ¥ el -1% —(R|L}
= — ‘\/[ﬁ2+ @I)] sm(ﬁ tan 7
L i = —1‘—'5"—{‘) 10y
1 + e e o+ 0 e o

. We may consider wL as much greater than B. Then the first term,
" which is considered as a d.c. component which decays exponentially,

" has magnitude

E 7T
— EIN — — lg— (RIL}
wl (B 2 )£

R D= (R

wl

. reduces the gx. citation and the ﬂmwtmmm{_ﬂ@ i
times the full-load value. ﬂgg_ﬂ;@r_lmaﬁy_nimmdﬂmgjhp_

P i ][\U{\\}AQA\}AUA\/A\E\[R _]_va St
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dotted line. and has a value I, , at time ¢; the d.c. component,
which decays exponentially, has a value I, , at the same instant,

and the total current has an r.m.s. value of 4/[1p,*+ VP01 ]
Curves are then drawn giving the r.m.s. {

It § = 0, i.e. the voltage is zero and the current is a maximum
at t = 0 the d.c. component has the initial value of EfwL. As.the
alternating part of the current has a magnitude of nearly EfwL,
the d.c. component doubles the current at the instant when the

sl b}as s pefa,k va,]u:a-, and reduces it to zero when the former 35 of the current (as a multiple of full-load !
E}elaches its negative maximum. The current is thus on one side of current) against time for different values |
e zero to begin with. If, however, § = nf2, i.e. the voltage is a 30— of the total percentage reactance. Fig. ,
; 172 shows a set of such curves for a |
[’ ﬂ A 25 short circuit across all t{]:{ree phm:i. . "
Fall oo o /\ /\ NIV When looking up the decrement factor, -.
Load ZATA A /\ N A A /\ gﬁ;ﬁ;ﬁ’;’fjﬁ_‘fﬂf 2088 the transient reactance of the alter- ’
Current V V \/ v U v \j v Current \ nator is added to the external reactance i
T Y : to give the appropriate percentage ]
P reactance. i
1
8- 170 frgem et O NT wirEoUT DousLing Erreor 10 . > Exampry. A 20 000 kVA. generator, whose %
i . ; o t re shown in Fig. 172, has '
maximum and the current is zero at the instant of short cireuit, 5 ol/s ?E‘éfmr:;;t:nﬁﬂinﬁ feeds a line through a i
the d.c. term is zero. The short-cireuit current has then the form g9 \ step-up transformer of 69 reactance. Find 1
shown in Fig. 170. & \ the breaking capacity of the cirnuit-hrﬁalﬁr% l
The change from the large current at the instant of short circuit “§ 8 e whl:ch np_t'a;rat? ::11; D;ﬁ;z;:f% :Ei are on the hig ]
to the comparatively small current after armature reaction has 8 \ L voltage side of the 5 |
asserted itself is of importance in the design of switchgear operation. ] =a X The total reactance is 21%, and from |
The behaviour of an alternator is most easily expressed in terms ko Fig. 172 it is seen that the decrement |
of decrement factors, which are found by extensive tests in the % 6 % \\
D.C.Component X 3 10% s
1
W AL Compornent ] 1 \k\
k TVTTRA-AS "ﬁ"ﬁ‘ﬁ” 4 11‘ X ’ - S -
T VTVv Vv S BEE
e i i
3 ]i \'\- a 1"“"-& —— e ey
P40 —t==r e = = i
| I —— = —
Fia. 171. D.C, axp A.C. COMPONENTS OF SHORT-OCIROUIT CURRENT 2. 50 % : ===
o = —
following way. The generator excitation is adjusted to the value 1 ,:; = I
for f1:1]l Ic;-a_d at 0-8 power factor lagging, and external reactance is fﬂt{‘i{.
put In series with the alternator to bring the value up to some 0 v 1 ' 30
definite amount, 5, 10, 20 . . . per cent. This value includes the 0 0-5 10 &3 40 2

Time, seconds

Fic. 172. DeoremeNT CURVES FOR ALTERNATOR

transient reactance. A short circuit is applied and an oscillogram
of the current taken. In order that the test results should be as
severe as possible, it is arranged that the short circuit should take
place at an instant when the full doubling effect is incurred, viz. at
an instant of zero voltage. The oscillogram is analysed so that the
r.m.s. current is found as a function of time. To do this the current
wave of Fig. 169 is resolved into the d.c. and a.c. components shown
in Fig. 171. The r.m.s. of the a.c. component is shown by the

factor at 0-25 sec. is 3-4. The current to be interrupted is thus 3-4
times the full-load current. If we assume that the recovery voltage
in the breaker is equal to the normal voltage (the matter w;ll be
investigated in detail in Chapter IX), the kVA. to be broken is

3-4 % 20 000 = 68 000 kVA.

[Lames g———3 =R~ |
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(English Electric Co.)
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Current-limiting Reactors: Sectionalization of Networks. It is
olear that the short-circuit currents are decreased by an increase
of the percentage reactance in the system. In large interconnected
systems the total rating of the generators is very high, and unless
precautions are taken, the current fed into a fault will be enormous.
The short-circuit current at a fault can be considerably reduced by
the judicious placing of protective reactors in the system. It is

ossible to arrange the reactors so that they do not cause a large

voltage drop during normal operation, but prevent a large short-

circuit current being fed by most of the generators into the fault.
The methods of placing reactors in a system will be considered later.
Reactors are moreover of considerable importance in limiting the

- currents so that the various circuit-breakers are not called upon to

EFEEE

ol s-bar

Y Y
Feeder A  FeederB  Feeder A B £
Fig. 174. GENERATOR REACTORS Fia. 175. FErpzr REACTORS

break currents above their rated value. If extensions are made

in a system, it is essential that the additional kVA. be virtually
. segregated from the existing circuit-breakers when a short-circuit

ocours. This is done by means of current-limiting reactors.
Fig. 173 shows a reactor. The turns, which are of copper bar or

strip, experience large attractive forces under the influence of the
. ghort-circuit currents, and they are placed in concrete separators
" to prevent their being buckled.

Methods of Locating Reactors. Reactors may be inserted in

| series with each generator, as shown in Fig. 174. The main dis-
' advantage of this method is that if a short occurs on one feeder,
~ the voltage at the common bus-bar drops to a low value and the
" synchronous machines attached to the other feeders may fall out
_ of step. The whole system is interrupted, and the synchronous
" machines must be re-synchronized when the faulty feeder is cut

out. Moreover in modern alternators the transient reactance is

" sufficiently large to protect the machine itself against short-circuit
~ currents, and separate reactors are used only with old alternators.

The main disadvantage of the last method is avoided by putting

" reactances in series with each feeder, as shown in Fig. 175. When
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a short-circuit occurs on feeder 4, the main voltage drop is in its
reactor and the bus-bar voltage does not drop unduly. The remain-
ing load and plant are therefore able to continue running. It is
true that when a short circuit occurs across the bus-bars, the reactors
do not protect the generators. This is, however, of no importance,
as bus-bar short circuits seldom occur and the generators are
protected by their internal reactances.

A disadvantage from which both the previous methods suffer is
that the reactors take the full-load currents under normal operation,
so that there is a constant loss and a voltage drop. The voltage
drop is eliminated in a new type. of reactor in which part of the
windings are shunted by a carbon tetrachloride fuse. Under normal
conditions the windings are such that they neutralize each other's
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Fia. 177. Bus-Bar REacTonRs,
Tig-BAR SysTEM

Frg. 176. Bus-Bar REAUTORS,
Rme Sysrem

magnetic field and the reactor has a very small reactance; but
when & short cirouit occurs and the fuse blows, a large reactance
is inserted into the circuit. The constant loss, however, is not
eliminated.

The constant loss in reactors can be avoided by inserting the
reactors in the bus-bars in the ways shown in Figs. 176 and 177.
The former is the ring system, and the latter is the tie-bar system.
In the ring system each feeder is normally fed by one generator,
only a small amount of power flowing across the reactances. The
reactors can therefore be made with a fairly high ohmic resistance
and there is not much voltage drop across it. When a short circuit
. occurs in one feeder, the current is fed mainly by one generator,
the other generators having to feed through the reactances. The
tie-bar system acts in the same way, but has the following advan-
tage. If the number of sections in the tie-bar system is increased,
the current that flows into the fault will not exceed a certain value
which is fixed by the size of the individual reactors. If the switch-
gear is designed to operate successfully on this limiting value of

=
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current, the system can be extended to any number of sections
without modification of the switchgear.

Examrpre, Find the ratio of the percentage reactance of the reactors to

v: , that of the generators in a tie-bar system, if the short-cireuit current is not

to exceed three times the current of a single section.

Let the percentage reactance of a generator be &' and of a reactor
X, and suppose there are n sections. When there is a short circuit
on a feeder, the remaining reactors and generators are in parallel,
go that their percentage reactance is (G -+ X)f(n — 1). This reac-
tance is in series with the reactor of the faulty feeder, giving a
reactance

X + (G 4+ X)(n—1) = (G + nX)/(n —1).
This reactance is in parallel with the reactance of the generator
which is connected to the faulty feeder, so that the total reactance is

@+ nX

X W=1 . O4mE
@+ nX | nG@ -+ nX
L r—
The short-circuit current is thus
1000 »nG 4+ nX
I'x "8 + nX

where [ is the normal full-load current.
When n = 1, the current is

I x (100{@).

The last factor gives the effect of the remaining sections, and

~ increases from unity when n = 1 to (& 4 X)/X when = is infinitely

large. Thus if the current is not to exceed three times the short-
circuit current due to a single section

@+ X)X =3
ie. X — §a.

If it is certain that the number of sections will not exceed a known
number n we have

(nG 4+ nX)(G + nX) =3

o X = [(n— 3)/2n]G.

Thus if » will not exceed 6, X need not be greater than }G.
Choice of Interconnection to Limit Currents. The cost of reactors

18 large and their installation is avoided if possible. It is sometimes
. practicable to make use of the reactance of feeders and transformers
- 80 that reactors are unnecessary.

T e
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For instance, suppose that two parallel feeders are fed by four
transformers, as shown in Fig. 178, and suppose that a short circuit
oceurs at B. If the paralle] feeders are not connected at their ends,
the reactance from 4 to B is

X(3X +2F)  X(3X + 2F)
X F3X 4+ 2F 44X L oF °

X X
35 C F Dzs
3371 e

gt ! | |
Al X X
s¢8/ F  FEl3s
33 ? 33

F1a. 178

If the feeders are connected at their ends (between B and C,
D and E), the reactance from 4 to B is $X. The latter reactance is
considerably less than the former; thus if F = X, the former is
8 X and the latter only 1 X.

_g
.
=
4

Low Voltage System

Fia. 179. SYNCHRONIZATION AT THE LOAD

As a general rule it is advisable to keep the parallel connections
as few as possible.

An interesting and important application of this rule is shown by
the method of interconnection of Fig. 179. The generators are uncon-
nected in the high-tension system, but connected only at the low
voltage system. This system is said to be synchronized at the load.
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Protection of Switchgear by Reactors. A generating station may
be extended by the addition of alternators or by a supply from
the Grid. It is uneconomical to scrap the existing switchgear, which
was adequate for the former output but is not of sufficient rating
to meet the extensions. In such a case a protective reactor may be
placed between the old system and the extensions to limit the
short-circuit currents to a permissible value. An example will show
how the requisite reactance is calculated.

ExavprLE. A smsll generating station has two alternators of 3 000 and
4 500 kVA., and percentage reactances 7 and 8. The circuit-breakera are
rated at 150 000 kVA. Tt ia intended to extend the system by a supply from
the Grid via a transformer of 7 500 kVA. rating and 7-59, reactance. Find
the reactance necessary to protect the switchgear.

Let us take as the basic rating 7 500 kVA. The reactances of
4 and B are then
(7 5003 000) X 7 = 17-5%

l

and : (7 500/4 500) x 8 = 13-39%,,
so that their combined reactance is
176 x 1383 _ __,
176 + 133 14687

The short-cireuit kVA. with respect to these alone is
7 500 x (100/7-55) = 99 300 kVA.

If no protective reactor is present the short-circuit rating due to
the Grid supply is '

(7 500/7-56) x 100 = 100 000 kVA.

so that the total is 199 300 kVA. In order to keep the kVA. down
the rated value of 150 000 kV A. suppose that a reactor of percentage
reactance X is interposed as shown in Fig. 180. The short-circuit
kVA. of the Grid supply is then 7 500/(7:56 + X), and this must
not exceed the difference between the ratings of the circuit-breakers
and the generators 4 and B

Therefore
7 600
= 50 700,
s - . 7 6500 X 100
giving o+ X = —55w00
— 14:‘8,
so that =113,
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If the voltage is 3 300 V., the full-load ecurrent per phase
corresponding to 7 500 kVA. is

7 600 000
3300 X /3 1310A,
80 that the actual reactance of the reactor per phase is

7:3 X% (3 300/4/3)
1310 x 100 — 2106

3000 kVA.  4500kVA.

7% 8%
ONNC
7500 kVA.
bl
X X
X

[ Q211 T

% x X X X

- |

% Fault

F1a. 180. REAcTor PROTECTING SWITOHGEAR

correspounding to an inductance of

0-106
57 X 50 — 0-000337 H.
= 0-337 mH.

Unsymmetrical Short Circuits: Symmetrical Components. The
methods of calculating short-circuit currents developed in the
previous sections apply only to the cases when the fault ocours across
all phases and the currents in the phases are equal. When the fault
occurs across two of the three phases or between one or two phases
and earth, the currents are unequal and the methods are inadequate.
The currents can be found by Kirchhoff’s laws, but this method is
usually laborious. A method has been devised which uses symmelrical
components of the currents and voltages.

It will first be shown how three unbalanced vectors can be
expressed as the sum of three systems of balanced vectors. Three

it is represented by
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'j.—: balanced vectors are vectors which are equal in magnitude and differ
. in phase by 120°, so that they can be represented by

R if E, is taken as a reference vector. Fig. 181 shows the vectors. It

should be remembered that multiplication of a vector by the factor

. &/ results in a vector of unchanged magnitude but with a phase

angle increased by @; for if the vector has magnitude r and angle «

riE = gl

and multiplication by £ results in a vector

refe X e =ref@+0 = r|o 4 6.

v
Y .E; Y £ ;*
Fia. 181 Fia, 182

PosiTivE PHASE SEQUENCE NeEGATIVE PHASE SEQUENCE
E, leads E,’ leads E,* Iiy laga B, lags E)"

As is pointed out in Appendix III, the values of the alternating

. quantities are the horizontal components of these vectors, which

are assumed to rotate in the positive (anti-clockwise) direction with
an angular velocity w = 2% X frequency. Thus E,, K,’, and E,"

. correspond lo alternating quantities which reach their maxima in the

order given. The system just given is called a system of positive
phase sequence. It is usual to replace #2743 by 4, so that

A= &329) = cos (2/3) + j sin (27/3) = — 0-5+ 50-866 }
(104

~and 12 = /419 = cos (47t/3) + 4 sin (47f3) = — 0-5 — 50-866.

It follows that 144+ 22=0.
A positive phase-sequence system of vectorsis thus represented by
E,, A2E, 1§, . : . . (105)

It would be symmetrical but unconventional to write these as
AEEIJ REE]: lElr

F-e
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A balanced system with negafive phase sequence is shown in
Fig. 182, The order of maxima is E,"”, F,’, E,, so that the vectors are

EE-‘ EEF — Mﬂ, EEH — AEEE- . . . {].OB]

Suppose there is a system of unbalanced vectors £,, E;, and E,,.
By virtue of the relations (1 + A1+ A%) =0 and A* =1 we may
write

EJ = %(EJ =t Ea -+ Ea] o &(Eg =17 wﬂ S PEE:}
+ HE, + A, + AE,),

By=YE, + By + By) + (Af3) (B, + AB, + A*E)

+ (A3) (B, + A°B, + AE,),

and K, = YE, + Ey + B,) + (Af3) (B, + ABs + AE,)
+ (A%3) (B, + 2By + 1E,).

Putting _
ﬂ‘(EJ + E, + Eu} = Eﬂ!
&[Ed -} Ma ~+ igEcr} o El:} (107)
and 3, + AEEI + -'?-Eu} == -Et:
we have
b, = Ky + B, + B,
By =FE,+ AEE1 -+ wm} (108)
B, = Ey+ AB, + *E,.

It is seen from equations (105) and (106) that the terms in E,
represent a positive phase-sequence system of balanced vectors,
whilst the terms in F, represent a negative phase-sequence system
of balanced vectors. The equal terms F, are said to represent a
zero phase-sequence system of vectors, which are equal. Thus
any system of three unbalanced vectors can be resolved into three
gystems of balanced vectors, a =zero phase-sequence system
B, (1, 1, 1), a positive phase-sequence system E, (1, 4%, 1), and a
negative phase-sequence system FE, (1, A, A2). The values of ,, E,,
and FE, are found from the unbalanced vectors £ ,, B, £, by means
of equations (107) by multiplication of complex numbers or by &
graphical method. The former method is described in Appendix II.
The graphical method follows from the facts that, since 1 = £i(27/3),
multiplication by A turns a vector in the positive direction through
an angle of 27/3 radians and multiplication by A? turns a vector
through 473 radians,

Flg 183 (a) shows an unbalanced system of vectors. Fig: 183 (b)
shows how these are added to give E, + E, -+ E,, one-third of
which is #,. TFig. 183 (c) shows how we obtain E,+ AB, + 21*E,,
one-third of which is £,; and Fig. 183 (d) Eh{JWE how we obtain
E, + A*E, + AE,, one-third of which is &,
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,,,,,, T 3E;=E4+AEgtA°E;
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i,
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(c)
Eg

Fia. 183. GraPHICAL METHOD OF FINDING SYMMETRIOAL
CoMPONENTS

Examrre. Resolve the system K, = 1500]30°, E, = 1800—70°% £,
= 2000 |170° into their symmetrical componenta.

Ey=§E,+ By + By)
= 3(1 500 |30° + 1 800 |— 70° + 2 000 |170°)
— 3(1 500 cos 30° + 1 800 cos 70° + 2 000 cos 170°
+ 71 500 sin 30° — 41 800 sin 70° - §2 000 sin 170°)
— 3(1 300 + 615 — 1 970 + 750 — §1 690 + j347)
= — 18 — 7198 = 198 |264° 48',
El il HE 3 wﬂ =+ Aﬂﬂﬂ)
= §(1 500 |30° + 1 800 |— 70° 4 120° - 2 000 |170° + 240°)
= 1 250 4 71 220 = 1 740 |4-;1-“ 14',
By = YB, + 2B, + AB,)
— }(1 500 |30° + 1 800|— 70° + 240° + 2 000 [170° + 120°)
= — 70 — 5270 = 280 !252“ 30°.

- It is clear that unbalanced currents can be resolved into sym-
- metrical components in the same way as voltages.

T

—TET T T
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Application pf Symmetrical Components. Let us consider the
voltage drops in a symmetrically spaced transmission line due to
unbalanced currents I,, Iy, I, The line has self-impedances Z,
and mutual impedances Z, as shown in Fig. 184, where Z, per unit
length of line is the resistance plus jwlg, and

Ly = [$ 4+ 2 logh (Rfr)] x 10~? H. per cm. length
according to equation (24). The mutual inductance between lines is
L, = 2logh (R[D) x 10—? H. per em. length

R is a large distance beyond which the total flux is insignificant,

The voltage drops in the lines are
Vi=1,2s+ 174 + 1,7,
Fn = IJZH A IBZH -+ quu
Ve =1,2, + 1,2, + 1,Z,.

Z Zs

S 1111}
'EE Zs )Z M ZM
I zs )

Fig. 184. Geveral THRER-PHASE LINE

The symmetrical components of the voltages are found in the
following way—

I:’;'EI — %(FJ == F.B = Va) = ‘Hza + 223) {Id -+ I.n + 1)
= quzs 7 22_.&:)1
Vl == %(VA o ;'LFB + AEV!J} = %ZS{IA i :{In 4= 3-2!0]
+ 3Z (AT, + AT, + I+ 2*1, + I, + Al,)
= Ilza = %ZH(__ I,.l - ;‘Iﬂ'_ AEIG‘]I
using the relation 1 4+ 1 -+ A% = 0. Therefore
Irl-1 v IL(Z.H == Z.u}-
Similarly Ve = 1%, — 7).

We have therefore

Vs = &yl

¥y = 111,} . (109a)
and V. = 2,1,
where Zy= (Zy + 2Z,)

Ly = (25— Zy) } . (1095)
H.uﬂd z‘ = {zﬂ P Zl}'

SHORT CIRCUITS: SYMMETRICAL COMPONENTS 229

We have thus the important result that the phase-sequence voliage
drops are due to the separate phase-seqrence currents.

Impedances to the Various Phase-sequence Currents. It is seen
from equations (109) that the impedances of a transmission line
to the zero, positive, and negative phase-sequence currents are
Zy, Zy, and Z,. The last two are equal to (Zs — Zy), which is due to
an inductance of

Ly— Ly = [+ + 2 logh (Dfr)] x 10-% H. per cm. length,

which is the inductance to neutral in a balanced system.

It is thus independent of the distance R, but depends only on the
radius of the wires r and their spacing D. The zero phase-sequence
impedance depends on R, or more particularly it depends upon the
return path for the current I, which flows along the three wires in
parallel, since the distance R is to be chosen to include the return
path. It is difficult to calculate Z, and it 18 best found by experi-
ment. If information is not available we may take Z, as twice or
three times Z;. It will be shown later that if the neutral is earthed
through an impedance, three times this impedance must be added
to Z,.

In order to calculate unsymmetrical short-circuit currents it is
necessary to know the various phase-sequence properties of the
generators and transformers in the system.

An alternator generates only a positive phase-sequence system of
e.m.f.’s. We have already discussed in detail the impedance (or more
simply the reactance) of the alternator to positive phase-sequence
currents; there is the initial or transient reactance which increases
to the synchromous reactance by reason of armature reaction. The
initial reactance to negative phase-sequence currents is about 70 per
cent of the previous transient reactance, and to zero phase-sequence
currents 10 to 25 per cent. Under steady short-circuit conditions,
the values are less, The following table gives approximate values
in terms of the reactances to positive phase-sequence currents.

REACTANCE TO REACTANCEH TO
NEGATIVE PHASE- Zrro PRASE-
sEQUENCE CURRENTS | SEQUENCE CURRENTS
(%) (%)
Transient . . . 70 ' 10 to 25
Steady Short Clircuit

Salient pole . . : 30 6 to 15
Turbo-alternator . : 16 Oto b

Decrement factors can be used in the way described above to find
the currents at intermediate times.
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The impedance of a transformer to negative phase-sequence
currents is the same as to the positive system. The impedance to
the zero phase-sequence currents is the same as for the other
sequences provided there is a through cireuit for the earth currents
and the compensating currents can flow, otherwise the impedance
is infinite. Thus in an unearthed star/unearthed star connection the
zero phase currents cannot flow and the zero phase impedance is
infinite. In the unearthed star/earthed star connection, if an earth
fault occurs on the primary side no zero sequence current can flow
and the impedance is infinite; if the earth fault ocours on the
secondary side there is a complete path for the zero sequence
current, but there is no path for the compensating currents in
the primary windings, and the zero phase impedance is again
infinite. In the earthed star/delta connection, an earth fault in the

\ A
Generator}—=2 Z
/] ¢ L7

¥

Fiq, 185. APPLICATION OF SYMMETRICAL COMPONENTS

E, per phase

primary circuit has a complete path and the compensating currents
can flow in the delta, so that the zero sequence impedance is finite;
if the fault is in the secondary circuit, the zero phase impedance
is infinite,

General Method Using Symmefrical Components. From the
conditions of the fault we get three relations between the voltages
Vi Vs V, and the currents 7,, 1,, I,. For instance, if there is an
earth fault on line € only, we have I, = 0, I, =0, and V, = 0. If
there is an earth fault on lines B and C, we have I, =0, V, = 0,
and V,= 0. If the earth fault is across all three lines, we have
V,=0,V,=0,and V,= 0. If there is a short between two lines
Band C,wehavel, =0,I,+4 I,=0,and V,= V,. We can then
express the currents and voltages in terms of their symmetrical
components. We know that the separate phase-sequence voltage
drops are due to the corresponding phase-sequence currents. We
thus have two three-phase balanced systems and one single-phase
system (the earth return system), and we can apply the simplified
method used in a balanced system, in which we replace the system
by a single line and impedances to neutral.

As an example let us solve the case when there is a short between
two lines, as shown in Fig. 185. The generator produces a positive
phase-sequence e.m.f. only of E, per phase; it has impedances
Zgor Leyy and Zgg to the sequence currents. The line has impedances
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Zyys Zyyy 2nd Z,,. Let V,, Vs, V, be the voltages and R U o
the currents near the fault. We have

T=0, L I, =10, a0d ¥y =V
The phase-sequence currents are given by equations (106) as
Io=3I,s+1;+ 1) =0,
I = 3T, + My + 225) = ¥4 — )1, } . (110)
Iz = %(Ig =3 3213 71 Ma] == ‘%{3—2 Yy -FL}IB-
The phase-sequénce voltages are similarly given by
Vo=3Vi+ Vs + Vo),
Fl = ‘HFJ o AF.& =} A“Vﬂ) == 'HP == J-?a == AEFB}, } (111)
FI o= %(Vx A7 3_3]}’" £t AFI‘I} oy %(FJ + REVJ 1= ‘;‘F.B)'
The phase-sequence e.m.f’s are I, 0, 0, so that applying
equations (108) we get
Vo=0— (Zy + Z,5)I = 0, since Iy = 0.
V,= El"" (Zo + Zm}fl:
F: =0— (Z’aa + zmlfa-
From equations (111) we see that V; = V,; so that
EI — (Zg + ZLl}Il = (Zea F Zm]fn-
Substituting for I, and I, from equations (110) we get
By = (Zgn + Zp)y — (Zg + Z o),
= (Zgr + Zyy + Zgy + Zyp) (A — A2 L,
= (Zgy + Zp + Zig + Za) (9[v/3) 15,
go that the magnitude of I is

(v/3)E, _
Zoy+Zn+ Zg+ 2y

Interference with Communication Circuits, When a communica-
tion circuit runs parallel with a high voltage overhead line, high
voltages may be induced in the former resulting in acoustic shock
and noise. The induced voltages are due to electrostatic and electro-
magnetic induction, and are reduced considerably by iransposing
‘the power lines as shown in Fig. 186. See example 9 on page
936. The effect of transposition is to balance the capacitances of
the lines, so that the electrostatically induced voltages balance nqt
in the length of a complete set of transpositions; such a length is
called a barrel. Transposition results also in a diminution of the
electromagnetically induced e.m.f. on the wires, since the fluxes
due to the positive and negative phase-sequence currents will add
up to zero along the barrel. The flux due to the zero phase-sequence
or longitudinal current is unaffected by transpositions of the power
system, since it flows along the three wires in parallel. In order to
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reduce the e.m.f. in the telephone circuit due to the zero phase-
sequence current, which is called the longitudinal current, the tele-
phone line is transposed, as shown in Fig. 186. By a proper co-ordin-
ation of transpositions of the power and communication lines, the
induced voltages can be reduced to very small proportions under
normal working conditions, :

X % Fower
Line

— Jelephone

Line

X X X

Fia. 186, Co-onDINATED TRANSPOSITION OF POWER AND
CommUNICATION CIRCUITS

At the ends of a barrel the induced voltage is small and we have
silent pornts. At points inside the barrel there may be a high voltage
on the telephone line. If it is desired to tap the communication
circuit at such a point, it is advisable to insert an isolating trans-

I2 7
s 2y
208 7
2 7 X
I 04 =
@
S
0" 0z 04 06 08 10 712 14 16 18 20

Freguency in Ailo-cycles
Fig. 187. TerzpEONE INTERFERENCE FAcToR CURVE
(Gill)

former, the insulation between the line and telephone windings
being adequate to withstand the voltage; the telephone winding
is earthed at the mid-point or at one end, so that a high voltage
cannot reach the telephone.

The interference effect of an induced voltage or current depends
greatly upon the frequency. The relative interference effect of
different frequencies is shown in Fig. 187, which shows the T'.I.F.
ourve, i.e. the telephone interference factor curve.
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It is usual to express the interference currents in terms of a current
at 800 cycles per sec. which produces the same degree of disturbance
according to the curve of Fig. 187. Thus suppose that we have
induced ourrents of 20 xA. at 250 cycles and 10 uA. at 350 eycles;
the disturbances caused by them are the same as caused by 800 cycle
currents of 20 X 0-25 = 5 uA. and 10 X 0-3 = 3 uA., respectively.
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Fic. 188, MuTUAL INDUCTANCE BETWEEN A LINE AND EARTH
RETURN AND ANOTHEE LINE (CansoN-PoLLACZEE FORMTLA).
FrEquEncy: 50 Cy¥cLEs

Curves are for different resistivities of soll (in £, per cm, cube),

The total disturbance is considered as due to an 800 cycle current
of value 1/(5% -+ 3%) = 5:8 uA.

It i3 clear that the harmonics in the power system should be kept
as low as possible, as they have a high interference factor. ]

When a short circuit occurs to earth, a large zero phase-sequence
or longitudinal current flows along the wires in parallel and through
the earth return. In this ease the electromagnetic induction is large
in magnitude, and depends upon the spacing between the power
and telephone lines, the resistivity of the earth, and the frequency
of the current, The e.m.f. induced in the telephone line is

E = —joMll,

— e armar
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; w:here I is the zero phase-sequence current, w = 2w X frequency,
l is the length of the parallel, and M the mutual inductance between
bb:a power line circuit (with earth return) and the telephone line.
Fig. 188 gives the value of M for 1 km. parallel as calculated by

S

A

Fra. 189. Dramnvace CoIn

the Carson-Pollaczek theory for different spacings and earth resis-
tivities, the frequency being 50 cycles per sec. It is noticed that M
increases as the resistivity increases, because the current spreads
out further in a soil of higher resistivity.

The e.m.f. ¥ is induced in each of the telephone wires, so that if

Telephone
Line

\me " | Spark Gap

set fo 5000V
x A_{z‘?,fxpfﬁfre;x
type fuses

—W’Eﬂ"— Drainage Coil

- 0000000~ Jsolating
TENET Transformer

x K Telephone-type Fuses

—DJE— Carbon Block Arrester
7 sef to operate at 300V

E Heat Coils

Telephone
Apparatus

Fia. 190. TererronE CiRourr PROTECTIVE SYSTEM

one telephone circuit were perfectly transposed and balanced there
would be no voltage between the two wires of a circuit. There would,
however, be the e.m.f. £ between each wire and earth, and the
telephone insulators must be capable of withstanding this voltage;
for if one wire flashes over to earth, the full e.m.f. is applied to the
telephone circuit with a resulting acoustic and electric shock. The
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potential between the wires of the telephone circuit is kept low by
the use of drainage coils, shown in Fig. 189. The windings 4B
and BC are series aiding, so that the coil has a high impedance
between the terminals 4 and C (of the order 6 000 |70° at 1 000

cycles), and gives an attenuation of about 2 db. to voice-frequency
currents. The mid-point B is earthed, so that the impedance of the
coil is very low to currents flowing along the lines in parallel and
back through earth. In this way the longitudinal potential of the
telephone lines is reduced from the high value E to a very low value,
which depends upon the degree of balance of the windings and
their resistance.

Acoustic and electric shock are minimized by the use of isolating
transformers, drainage coils, spark gaps, and carbon block arresters.
Fig. 190 shows an arrangement for the protection of a telephone
circuit, as used in a successful installation which runs parallel with
a 132 kV. power line in the Punjab.

EXAMPLES VIII

1. Discuss the phenomena of electrostatic and electro-magnetic induction
from power transmission lines to adjacent telephone lines.

State the factors upon which the magnitude of the induction depends in
each case and the precautions taken in both the power and communication
circuits to reduce it. (Lond. Univ., 1949.)

2. Why is automatic voltage regulation required for modern alternators?

Explain, with a diagram of connections, the operation of an automatic

voltage regulator suitable for use with a large turbo-alternator.
(Lond, Univ., 1950.)

3. A 3-phase overhead line has the following constants: series impedance
per conductor, 20 -+ j 50 Q; shunt admittance of each conductor to neutral,
0 4 7 800 micromhos. The line supplies, through a star/star transformer with
g turn ratio of 4 to 1, & load of 40 MW. at 33 kV., unity power factor. The
transformer, at 45 MVA. and 33 kV., has an impedance of 0-5 + j 6 per cent.

Neglecting iron loss and magnetizing current in the transformer, determine
the voltage and current at the supply end of the line, and the phase angle
between them. (Lond. Univ., 1954.)

4. Deseribe and compare the methods of interconnecting the bus-bars of a
generating station.

Three generators A, B, and C, each of 129, leakage reactance and of MVA.
ratings 25, 50, and 25 respectively, are interconnected electrically by a tie-bar
through reactors, each of 109, reactance based upon the MVA. rating of the
machine to which it is connected. A 3-phase feeder is supplied from the bus-
bars of generator 4 at a line voltage of 11 kV. The feeder has a resistance of
0-1 Q/phase and an inductive reactance of 0-3 {) phase. Estimate the maximum
MVA. which can be fed into a symmetrical short-circuit at the far end of the
feeder. _ (Lond. Univ., 1953.)

5. Bxplain what is meant by the symmetrical components of a 3-phase

| 4-wire system.

_ The p.d.’s to neutral of such a system are — 36 + 70,0 4 548 and 64 -
7 0'V. respectively, and the currents in the corresponding line wires R, ¥, and

. Bare — 4 + 72, —1 4+ 75,and 5 — 73 A. Determine the negative-sequence
- power and reactive voltamperes. The sequence is EY B.

(Lond. Univ., 1954.)
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