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A wransformer consists of twe-electrivally tsetated voils Tmtmaly eoupted by a common mmmetic-
cinguil,

The magnetic eircuit is laminated to reduce eddy current power losses,

FReefer to FIG 1 which shows the construction of a basic transformer_
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The arrangement of ¢oils shown in FIG | is not ideal because there will be a leakage of magnetic fl
because the windings are not closely coupled,

The magnetic coupling between primary and secondary windings is improved by winding the coils ¢
top of each other, with suitable insulation between the windings,

There are two types of transformer construction namely "Shell Type” and *Cure Type" tonstruction,

Refer to FIG 2 which shows the armngement of windings on the magnetic cor for a."Shel 1ypes
transformer,

/ laminated core
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Refer to FIG 3 which shows the winding details ofa &R Type” transiormer,

secondary windings

E-| laminations

YTy y

\ !/
primary windings
FIG3

Core TyneCinsteuction

Refer to FIG 4 which shows the arrangement of windings on the magnetic core for a "Care Type!"
transformer.

laminated eore

secondary primary secondary
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Kefer to FIG 3 which shows the winding details of a "S53l Type” trunsformer,
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TRANSFORMER RATINGS
Voltage Rating

Rated voltage or "™Nomimal” voliage ol a transformer winding is the RMS value of
the highest continuous voltage that can be applied Lo that winding,

Example: 2000/2000 rating gives Vp and Vs RMS values
MNotes: Iron losses are proportional to V2, and flux is proportional o the voltage applied.

ILis important that the voltage applied should not excead the rated value otherwise
maghelic saturation of the core may occur and there will be excessive iron losses.

Fxcessive voltage can resull in breakdown of insulation on windings between turns
and hetween windings and earth,

Current Rating
Rated current or "Nominal” current of a transformer winding is the RMS value of

the highest gontinuous current that can be carried by cach winding without causing cxcessive
lermperatune rise.

Maote: Winding power losses (copper losses) are proportional to !2. and resull in winding
temperaturs rise, causing damage to windings and deterioration of insulation

Power (VA) Rating

Power (VA) rating of a transformer is equal to the nominal voltage multiplied by
the nominal current,

Power [ating = Vnominal % Inominal Volt Amperes

Notes: This rating is in units of VA and net Watts since the power factor (cos 0) of the
load on the translormer can vary,

The power handling capacity of a transformer is expressed in VA, kKVA or MVA
depending on the size of the transformer,

Caleulation of Rated Cyrrent
VArared = Wrated x [rated
Irated = WVarated Veated

Example Caloylaie the rated primary and secondary currenis ol a 400200V 4k A

translormer,
Iprimary rated VA rated/Vprimary rated = 4000400 = 1A
Isceondary rated WA reted/Vseeondary rated AN03 200 204

TRANRATE WPS
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TRANSFORMER PRINCIPLES

~ Noltage, Current and Flux in an Ideal Iron Cored Coil (purely inductive)
11" an alternating voltage V' is appliedd W o pure inductance (no resistance R) and we assume that magnetic

saturation dies nol occur, the current ) that flows, will lag the applicd voltage V4 by 90 and will have the
same wiveshape.

This current produces a flux 4y which is also alternating and in phase with L.
The flux @4 induces an emf E | into the coil, which is equal and opposite (o the applicd voltage vy
Refer to FIG | which shows the circuit diagram and the comesponding phasor diagram.

V
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(indcd £ ORIG
FIG 1

. MNotes: Since ¥y = Ey, and they are opposite in phase, there is no current flow and hence no ux,

This perlect situation is not possible, and so coils are not ideal but contain a resistive
component.

Voltage. C { Fluz in 2 Practical Coll L

In the practical coil, there will be a slight difference belween V| and E; and there will be a current flow, and
this current will produce a Mux,

The current will cause power losses in the coil resistance UZR}, and magnetic core losses (hystercsis and eddy
current) in the steel eore of the coil.

The small resistive component in the coil will cause the current to lap the applied voltage by less than 90°,

TRANPRIN.WPS uvold
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Reler 1o FIG 2 which shows the resulting phasor diagram and equivalent maygnetising circuit of the praciical
cail,

. ORIG
ElG2
L

MNotes: The two components shown in the equivalent gireuit are in parallel, where Ry consumes the
same power in watts as the iron losses, and X generates the core flux,

The total current Iy drawn by the coil has two components, Iy and Iy .
The Basie Transformer

A transformer consists of two clectrically isolated eoils mutually coupled by o common magnetic clreuit,
Refer to FIG 3 which shows the arrangement of i translormer, source and load,
I"lr.n“ll.\ Coortad .-"I
leory T [luw Poiin

ORIG
FIG3

The "primary” winding with Np tumns 1s connected to a source of alternating voltage Ep, from which it takes
energy, to produce an alternating flux in the magnetie cirenit.

TRANPRIN.WES uvold
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The alternating flux in the magnetic core links the "secondary" winding having Ng turns and induces an
alternating voltage g into the secondary winding.

The "sccondary” winding is now able to supply energy to a connected load.
According to Faraday's Law of Electromagnetic Induction:

Induced emf c=  -N d®volts
dt

‘This means that the induced emf'in a coil is directly proportional to the number of turns N in the coil.

, T - r
Secondary Voltage :f,q Secondary Tums gq

If we neglect losses: Power in = Power out

ER 1
Eg '§
Summary:
E N
Eg R Ng
? is called the "Turns Ratio",
S

Some transformers have more that two windings.
The third winding is called a "tertiary” winding,
Waveshape of Induced Voltage in a Transformer

If a sinewave of voltage is applied to the primary winding of a transformer, then a sinewave of flux will be
produced in the magnetic circuit (assuming no saturation effects).

This sinewave of flux will induce a sinewave ol voltage into the sccondary winding and any other winding,
according Lo the turns ratio.

Sometimes the waveshape of the induced voltage is not perfectly sinusoidal, due to non-linearity in the
magnetic circuit and the presence of hanmonic components,

TRANPRIN,WPS uvol3
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It & transformer is cnergsed by a sinewave of emf then:
Applied Voltage v o Vi gy sinot volts
and resulting flux 0= @ - sin{ot - ©2) weber.

Agsume that there are Np turns on the primary winding and Ng tums on the secondary winding,

the sclf-induced emf in the primary winding is:

op “Npdd
dt
= ~Npmmud (sinfet - w'2))
: dt
N p D Si0t
= -F.l-.m“sinm

This induced voltage is 180° out of phase with the applied voltage v.

W Epmux e ONp®,

2rfNp®y0x
Mow Epm &

| m
N Flag — vanped
o EHLNE{I! £l l.-'..l.1 s Toikt ey

V2 s

This equation simplifics to the equation normally shown in textbooks.
Eprms - 4.44MNp®_ : |

Maximum core ux density Bmax is a more useful value to know, to ensure that the core is not saturated,

Wzn can replace @ with B x area of core where a is the cross-sectional area of the magnetic care in
m~.

So the eml equation above can be re-written as:

| Epims = 4.44[NpaB, . voltsi ]

and for the secondary winding:
TRANPRIN.WPS uvol3 d
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| Egms =4 @NGiB,, vl |

Note: The physical arca of the magnetic core is usually multiplied by a "stacking” factor 1o allow lor
the air spaces between the laminations, since the core is not solid,

Example: A transformer has o primary winding of 350 turns and is connected 1o a 2200V mms 50Hz
sinusoidal supply.
The core length is 125em, effective core cross-scetional area is ES{fh:mz, with an air gap of
0,1 Sman.
Relative permeability pg for the steel is 1800,

Caleulate: i) Maximum flux density Bmax in the core

by RMS mugnetising current,

Solution:
Y Note: Magnetic circuit equations to use are;
Flux density B = pgppH
Magnetising force H = NI/
wg = drx 1077
a) Bp = 444MNpaB .
i
— 2200 )
4,441 50x350%250x1 074
W 1.13 Tesla
b) Now By = moHpMimax

For the steel core:

I{ITIELI 'B'mﬂ.‘.i
HoHR
= T b
4107 x 1800
500 AT/metre
MMF NI=HI = 500x1.25 = 625AT

THRANPRIN.WIS uvol3 i
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For the air gap;

Hinax % Brax
]
L13
4mx10°7
= 89922 AT/metre
MMF = NI=HI~LlaxLsxlo
amx1077
135 AT
Total MMF = 625 + 135 = 760 AT

Magnetising current in Primary winding lp,,. = Nliax

MPmax i - 2.17A
150
Irms 2.17x0.707 = 1.53A
Losses dn a Transformer

There are two types of energy losses in o transformer,;
) "Iron" losses (magnetic cireuit losses)
Power is lost in magnetising the steel core of the tranaformer.

Hysteresis loss is the energy required to magnetise and de-magnetise the core for each evele of the alternating
HITER

This loss is reduced by reducing the weight of steel in the core, since Hysteresis Loss units are Watts/Kg ol
core steel/cyele of supply

Eddy Current loss is the power dissipated by induced eurrents circulating in the steel core,
This loss is reduced by building the magnetic core with thin laminations instead of a solid steel core,

The laminations are 0.3 5mm thick and are coated with an cleetrical insulating layer, to increase the electrical
resistance of the core, -

This decreases the circulating currents and hence the power loss and the laminations are clamped together so
that they still provide a pood path for the flux,

TRANPRINWES uvol3
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b} "eopper” losses (winding losses) (sometimes called "load " losses)

The primary and scoondary windings of the transformer have resistances Rp and Rg respectively, and when
current passes through the windings therc is a power loss [IZR},

Power Loss in Primary = IPERF wialts
Power Loss in Secondary 152 Rg watts

These power losscs are proportional to {:1u-rm:.:}2. and will vary as the load varies. ‘This means that the
copper loss at 4 load will be % of the loss al full lnad,

Effects of Losses in Transformers

Tron losses result in current being drawn from the source by the primary winding to magnetise the core, ever
if nio lowdd 18 connected to the secondary,

This current is called "magnetising” or "o louwd” current,
['his means that when the transformer is loaded, the primary current will be slightly greater than expected
from the rutio 1p -B( t\*}s_

Ig ' Np

Copper losses or winding resistance cause voltage drops in the windings und this will eause the secondary
voltage to be less than expeeted from the ratio Ep = Np when the transformer is loaded.

|'.'$ I‘iﬁ
Internal voltage drops across Rp and Rg cause the secondary voltage Lo drop,
Ideal Transformer

An "ideal” transformer has no losses and has perfect iransformation according to tums ratio.

The "ideal” transtormer is used in many calculations to approximate conditions because most "practical”
transformers are »95% cthicient.

Practical Transformer
‘The "pructical” transformer has losses such as iron and copper losses.

The loss components in a practical transformer can be represented in 2 transformer "equivalent circuit”,

TRANPRIN.WES uvell
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Equivalent Circuil of a Transformer

Refier to FIG 5 which is an equivalent circuit of a transformer.
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ORIG
FIG S

The equivalent cireuit is druwn to represent all losses in the translormer by conventional circuit components
(R and X[ ), and allows analysis of the ranslormer performance under varying load conditions,

Rp Primary winding resistance
Ry Secondary winding resistance

R anil RS will cause power losses (copper losses) when the transformer is loaded 'UI"ZRI‘ in primary and
Ig"Rg in secondary)

Rp and Rg will also cause voltage drops (IpRp and lglg).

Xp Primary Leakage Reactance
Xg Secondary Leakape Reactance

Leakage Flux and Leakage Reactance

In a practical transformer, there will not e perfect magnetic flux linkage between the primary and secondary
windings. e

Not all of the primary flux will link the secondary winding, snd not all of the secondary flux will link the
primary winding. LIuEIF-f ¢ oo o enduter)  wo Ikijﬂ'

Tk mE
TRANPRIN,WFS uval3
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Leakage reactance represents lost flux in the imnslormer, between primany snd secondary windings and
results in lower induced voltage but no loss of power,

Xp und Xg are connected in series, so that they will cause voltage drops (1pX and 1gXg) representing lost
flux in the core.

The primary winding is represented by: Rp +iXp

The secondary winding is represented by: Rg +jXg

Ry Consumes same power as wotal iron losses (hysteresia and eddy current) {r-fl-.lr'Ru}.
Xn Reactor to produce core flux.

Mo that all of the losses in the transformer are represented by cireuit components, there remains an "ideal"
transformer with perfect transformation, and this is shown as the link between the primary and secondary of
(he transformer.

When the transformer is loaded, currents will cause voltage drops in Rp, Rg, Xp and Xg so that the
secondury terminal voltage will drop,

The no load or magnetising current Iy is the total current that flows into the parallel cirevit of Ry, and Xp
Equivalent Cireuit used to determine Transfocmer Performance
The equivalent circuit is used to determine transformer performance under difTerent load conditions,

All of the loss components are included and iF the supply voltage and load conditions are known, then
vultages, currents and power values on both sides of the transformer can be calculated.

The equivalent circnit can be simplified by relerring all quantities o one side of the transtormer,
Reterred values are identi fed by using superscript notation,

Example: Sm'!uliﬂmkg when referred (o the primary side is written as:

Similarly, primary resistance R when referred to the secondary side is written as:
Rp'= Rp x (Ng/Np)? 02
Note: Valtages and currents are referred by using the tums ratio.
I._:.:- W |I.Llf':'\'|
Lo
{1 i s |r-‘x-‘
TR - Il-\\ 'J—‘II

TRANPRIN.WPS uvol3



Page-11 of 14

Simplified Equivalent Circuit (Referred to Primary)

All components, voltages and currents on the secondary side of the iransformer {including the load) can be
moved to the primary side and replaced by their equivalent relerred values.

FIG 6 shows the equivalent circuit simplified by referring all secondary quantitics to ﬂ?ﬁ r‘}'nwry side.
Rezly ;Jw—f)

-, ) A F: wyXa'

=~ TP fo AP P < b _‘_|
: II ;
Xt £ I 2 Lo

y |

F ——
ORIC
G 6
Mote: This simplification has eliminated the ideal transformer, and the whole circuit (both primary

and secondary) is now represented by a series/parnllel circuit which can be casily solved if the
vilues of Rp, Rg, Xp, Xy, Ry Xg and load impedance £; arc knewn in complex form,

Ome further simplification can be made to the equivalent cireuit by combining the compuenents W give:
Itcp - I:RP'FRE‘_:] 'I",,,|au| {'1w-:1'-m’r fP'_.".#fl'ﬁ{.l_ .l'l".lhhp.lrl =hay r;Z:!."l'-.!'.|-|
Xep =  (Xp*+Xg)

This simplified circuit is shown in FIG 7.

xp fep  dep
o}
T o 8] SHEE
1 R
E 2 I."'_f ’ |
ahy) B HJ” o Es | |2+
3 .
& 4 i
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Example: Reler to FIG 8 which shows the simplified equivalent circuit of 4 transformer with all
quantities referred to the primary side and the primary supply voltage is 200Vrms. Tumns ratio
- leop= 9160

P 1 O B 1 S
A o R
Xep op

1 4 ?
-y vz - go . 4mn
—A J.-—[ﬂ LRRS —_ SR J s
_.f k | L s LO’
v () On L | ’?3 o jiskr Of e

2L = 5‘(“15’ 4 44
v
0 1

b e,
E o Hep-vp Ix
FIG 8
v Calculate: a) iron losses,
: b) no-load current,
) secondary load current,
¢) total primary current,
c) copper losses,
f Secondary terminal voltage Viouds
2) Power in watts consumed by the load
h) percent efficiency.
Solution:
€ Assume supply voltage Vp is reference (20(2'?.1:;2!'5 |
a)  lron Losses = Vp%Rg 2002400 = 10OW
b) No load current I, = (Iro + Ixp)
(Vp/R)I0Z + (Vp/Xg)=90°
= (200/400)/0° + (200/23 1 )}-90°
= 0.5 - j0.86

1/-59.8° amps

TRANPRIN.WPS uvol3
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) Secondary Load current referred fo Primary

Ig

Secondary load current:

Ig -

d) Total Primary Current:

II.

e} Copper losses:

Peopper ;

VplZep+ 2, )

141 1 T R
(.16 + 0.7 + 5.96 + j4.44)

200/0°
7.9/30.2°

25.3/-39.2° ampy

]s_l X NJj-‘NS
2532 110

2.53/-39.2° amps

(Ty +1g)

(1(=59.8" + 25.3(-39.2°)
(0.5 - J0.86) + (19.6 - {16)
20.1 - 16,86

26.2/-40" amps

(Ig)*Rep
(25.3240.16

102 4w

f) Secondary Terminal Voltage Referred to Primary:

VSI -

TRANPRIN.WPS uvol3

rﬂlxz LI

25,3/-19,2° x (5.96 + j4.44)
#* + o+ )

25.3/-30.2° x 743367

188/-2.5° volts
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Secondary Terminal Voltage
VS et VS' X Nsmp

= 188/-2,5° x 101

= 1880¢-2.5° volts
2) Load Power
Py, = Ig7Ry
= (253Fx5.96
3815W
L h)  Efficiency %
Eff % = —Pout x 100 ‘

(Pout | Plosses)

- — 3815x100
AB1S5 1 100+ 102.4
Trn Cogpy

- 95%

TRANPRIN.WPS uvol3
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TRANSFORMER TESTING

Equivalent Circuit Determined by Testing

Phasor Diagram of Transformer on Mo [oad

Refer to FIG 1 which shows the simplified equivalent circuit of a translormer with all quantities
referred to the primary side,

Gep  1yhep

FIG1
If & test voltage V, is applied to the primary winding with the secondary winding left open
circuited (no load connected) the resulting phasor diagram will be as shown in FIG 2.

T-.h

A LI {.;J..-. larg] I:,.J!'r'f-.'pl"l'")

D’ _E' _ﬂ F‘lll'.l.c

THRANTEST WPSndnvevold
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No Load or Open Circuit Test to Determine Iron Losses

Naormal "rated" voltage is applied to one winding of a transformer with the other winding lefi
open circuited as indicaled above.

The test circuil is s shown in FIG 3.

|-y Hiredew Tr, urcher
—8— '/;:::\1._ r’l,f_}_ __‘J'FI"J‘
4 T |
| [ EN
| ;

@

Falal i i

The quantitics mensured are test voltage L in volts, test current L in amps and power consumed
F':J in walts which are the magnetising cireuit losses,

From the values of V . T and P we can determine the values of R and X in the magnetising
equivalent circuit.

Example: A no load test carried out on a 2004400 volt, 4kVA 50Hz power transformer gave
the following results.

¥ 200V I, 0.7A P = 60 W {irom losses)
Determine the values of R and X and draw the equivalent magnetising circuit.
b, Solution:
P, = puwer lostin R
: 2
P = v, R,
2 2
R, = v, P, 200 /60 - = 666,701

To determine X, we must first calewlate the repctive power in VARS consumed
by X &

TRANTEST. WPS/ udrivevold
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Apparent power in circuit =V x| = 200x0.7 = 140VA
g2 3 . ) . ' J 2 SIS i
=0 Reuctive power in VARS (VA - WATTS) V(140 - 60')
a/las = 1265 VARS
C
"-' 2 2 )
Ao | V,/VARS = 200 /126.5 = 3160
B

A short circuit is applied to one side of a transformer while the voltage applied to the other side of
the transformer is gradually increased until "rated" current is flowing in the short circuit,

The test cireuit 18 as shown in FIG 4.

Tx
e My U er

L hE"E

\ 5 (V \ % @

sy 6[\* _) llg Cleio
| | o |

KG4a
The quantitics measured are test voltage V. in volts, current flowing in the short circuit I in
amps and power consumed P, in watts which are the total copper losses.

From the values of Vi lne and P
circuit by using the equations:

o WE can determine the values of Req and Xeq in the equivalent

2oq = Vel and Posivim I Req
Notes: The test can be carried out on either side of the transformer.

When the test voltage is applied to the primary side with the secondary side
shorted. values of Rep and Xep are determined.

TRANTEST WPShudriveval3
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When the test voltage is applied to the secondary side with the primary side
shorted, values of Res and Xes are determined.

The violiage required for the test is much less than rated voltage,

DO NOT APPLY FLULL RATED YOLTAGE olherwise the transformer
will be damaged by excessive current flow.

As the test voltage 13 very small, it 15 assumed that negligible current I“ flows
through the magnetisation creuit,

A short circuil test is applied to a 20004000 4kV A S0H2 transformer with test

voltage applied to the 400% side, and the short circuit applied to the 200V side of
the transformer,

The test results were:

vV =9V 1. =6A Pﬂ_til.t’rw (copper losses)

HE |

Determine the values of Rep and Xep and draw the equivalent cireuit with
quantities referred w the primary (2000 side.

P, . is dissipated in Res since the test voltage is applied to the secondary side of
the translormer,

3
|:y: - I“. TRes
: ; 1 9

Res = Psr ISH;“. 21.6/6 = (.60

Zes = "v"H_-"I“, = Q6 = 1,502
) 2 1

Xes = Wes - Hes )
" ] b
W1.5 -0.6) 1.3702

Transfer quantities to the primary (LV) side.

Rep = Res x (N /N S}'= 0.6 x (zmmmf 0.150

Xep Mesx (NN 1.37 x (200/400) = 0.340

TRANTEST. WIS wlrivevold
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When the test voltage is applied to the secondary side with the poimary side
shorted, values of Res and Xes are determined.

The vollage required for the test is much less than rated voltage,

DO NOT APPLY FULL RATED VOLTAGE olherwise the transformer
will be damaged by excessive cwrrent flow.

As the test voltage 13 very small, it 13 assumed that negligible current I“ flows
through the magnetisation aneuit,

A short circuil test is applied to a 2000400 4kV A S0H:z trunsformer with test

voltage applied to the 4000 side, and the short circuit applied to the 200V side of
the transtormer,

The test results were:

V. =9V . =6A Pﬂ_til.ﬁw (copper losses)

a8 !

Determine the values of Rep and Xep and draw the equivalent cirowit with
quantities relerred w the primary (2000) side,

P .18 dissiputed in Res since the test voltage is applied to the secondary side of
the translsrmer,

2
D . I“. /Res
i L. 2

Res = P Isu: 21.6/6 = XS]

fes = \-"H_."I“, = Q16 = 1.502
- 2

Xeg = Wies - Res )
ATy 2
W1.5 =0.6) 1.370

Transfer quantities to the primary (LY} side.

0.1501

Rep = Res x (N /N.) = 0.6 x (znrmunf

Xep Hesx (NN 1.37 x (200v400) = 0.3402

TRANTEST. WIS wmdrivevold
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From the Iwo tests carried out above, the total equivalent cireuit referred to the LV
gide can be drawn. as shown in FIG 5.

TRANTEST. WPS/udrvevoll
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TRANSFORMER VOLTAGE REGULATION

Voltage Regulation of a transformer is the variation of the secondary voltage between no load and
full load, capressed as a percentage of the no load voltage, assuming that the primary voltage is
constant,

Refer to the transformer equivalent circuit shown in FIG 1,
fop + ,xep e
[_“ﬂ e A e

P e B it

o NP

PR LS

=
]

L
§  Es .'I 2 Lend
( T\!’ 312 H’ @d o
A ANTRONOISL 14~ i [V
AL

KIG 1
Maote: The magnetisation circuit has not been included because it does not alfect valtage
regulation,

Voltage regulation is caused by the voltage drop across Zep which accurs when primary load
current I8’ passes through it

On ne-load, there will be no current flowing, and so no voltage drop through the transformer,

clive  lond
Reter to FIG 2 which shows the phasor dingram for Ilé:tra%lsf‘r‘;mmr in FIG 1,
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FIG2

The difference between Ep and Vp is called "Regulation”, but we must consider the magnitude
and phase diTerence between the two valtages,
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Tt can be shown that: :
For lagging power factor loads, f—Hd Losses ”’&’fﬂtﬁfg :

For leading power factor loads, ) 05 n'-'l—’lf'élf' L e

i’-/'{ﬁ{' ,'—r’u{ bﬂc{

- ACPSInY ) x PO

% is defined as the £ voltage drop across the windings when rated current is passing through
them, expressed as a percentage of the pated voltage V.

A A = A
et ol dar b Is' % Zep x 100

a‘f‘rt_m o 5

lodtgt. g

Similarly the voltage drop acrogs the total resistance of o transformer s called the resistunce
vollage drop and can be written as a percentage of the rated voltage Vp,

Y

The voltage drop across the total leakage reactance of a transformer is called the reactance voltage
drop and can also be written s a percentage of the rated voltage V.
",

Xh = Is' x Xep x 100
Yp

These voltage drops are expressed a8 a percentage of primary applied voltsge Vi (1008,

IV expressed as per unit vollages, then they are referred to the primary applied voltage Vp (1 pu).
Substituting 7%, R% and X% in the reEulat:'nn equation and a.ssmnin& Vi = 1008

I [tegulation % = R%cost), + X %osing,

i f- -
2ep = ke 1 Xep N . gl o
TRANVREG. WFSudriveval3 = S oty
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Example: A trunslommer has percenlage equivalent resistance of 2%, and percentage leakage
reactance of 4%, M2
Caleulate the voltage regulation when the transformer is supplying full rated load

 at (L8 power factor lagging.
10§ lant S0 + Hp i i
a i . ' ad
% R.c:gulaf.mn Is' (Repeosl), + Xepsind ) x 100
¥p
Alzso % Repulation R%wsﬁz + }'[‘}'iw.si.nl-]'1
= (T D.8) + (4% 0.6)
Example: A 100kVA transformer has 400 turns on the primary winding and 80 turns on the
secondary winding,

The primary resistance Rp is (L34}, the secondary resistance Rs is 0.0102, the
primary leakage reactance Xp s |13 and secondary leakage reactance is 0.0350),
The supply voltage is 2200V and secondary ratio voltage is 440V,

Caleulate:

a) the equivalent impedance referred to the primary,
(] valtage regulation and secondury terminal voltage for
i) full lowd 0.8 pf lagging,
iy full load 0.8 pf leading,
4ao ' o
5
i) Rep = Rp + Ry'
= 03+0.0140080) | Giec along 1o primonf
- (.5502
Xep = Xp+ X¢'
= 1.1 + 0.035(400/80)
1.97500
Zep = 0.55+j1.975

= 2.05{74.4°02

TRANVREG. WPSudrivewvnl3
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b) Draw the cquivalent circuit as shown in FIG 3. ﬂ*,jr": & _1@
oA wppoay\1sa y 1
|_-"_‘-——1%i__j-—‘-;ﬂl'3) 5 P Q'JYC‘ = &7 4Tl
| I{'T\ —=Ts 3| [ B
O j Akt ol
o (
Y Esgly =m0, W\«-; Vs [ 2t0d 5040
f \L 4 t ‘l/
s \i:) g
NPt Ns
400 89
) RS - lload = VArated
Vsrated

- ]QQK “}’ =1 40
440

g
- 227.3/-36,9°A
Is' - 227.3 x (Ns/Np)
E 45.45/-36,9°A
Voltage drop across Zep - Is' x Zep
45.45/-36.9° x 2.05/74 4"
= 93.2/37.5° Volts
Vg = Vp - Is'xZep
= 220040° - 93,2/37.5°
- (2200 + j0O) - (73.9 + j56.7)
= 2126.1 -j56.7
= 2126.8/-1.5"

(2200 - 2126.8) x 100
2200

= 3.33%

% Regulation

TRANVREG WPSudrivevold
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Can alzo be solved using the simplified formula:

% Regulation - Is' {Rl.:pcuaﬂ‘ =+ }Ccnsinﬂi‘l x 100
Vp s
45,45(0.55x0.8 + 1.975x0.63 x 100
2200
= 3.34%,
Secondary lerminal voltape = A40 % (100 - 3.34)
4252V

i) For (1.8 leading power factor
% Regulution = m

Vp
- 454 = 197
2200
= - 1.54%
Mote: The negative sign for regulation indicates that there is a rise in secondary voltage

due to the capacitive loud,
This means that the secondary terminal voltage is higher than the ratio voltage.

Secondary terminal voltage = 440 % (100 + 1.54)

= 4468V {ratio vollage is 440)

TRANVREG. WP Sudrivevol3
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lor=d case sener o
Maximum Yoltage Regulation of a Transformer

The phasor diagram shown in FIG | indicales that as the power factor of the load (0_)changes the
triangle of 1s'Rep, 13 Xep and Is'Zep rolates around the end of Ep.

Refer to FIG 4 which shows a phasor diagram when Ep and Vp are in phase.

Vi
W ‘E&a.1 4
1 El f,f"
\ \‘ 5 ﬂe':
Lisan

-

FiG4
Maximuwim vollage regulation occurs when there is the greatest difference between Ep and V.

o5 Regulation {(Vp-Hp)x 100
Vp

Using the regulation equation:

% Regulation 1s'(Repcosf -+ Xepsind ) x 100
Vp

(R% x cu&ﬂi‘.l + (X% x si;t&i}

Load power factor angle (0 ) when Maximum Voltage Regulation Occurs
Maximum regulation oceurs when dRep = 0
da
2
dReg - R%(-sinfl) + X¥a(cosi) ) = 0
X%wsﬂl R%sin92
X% = sint),
R% c:usl]z
KR % = mmvtll3

TRANVEREG WPSudniveval?
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I Max Regulation occurs when f, tan- | {XeyPeg) I

Pest case =enorie )
Minimum Voltage Regulation ol a Transformer 2. 5 aae Cffcfi‘ . I'Pacf"“‘lj Pr

Refer 1o FI1G 5 which shows a phasor diagram when Ep and W are equal.

Minirmum {zero) voltage regulation occurs when Ep and Vp are equal,

% Regulation (Vp - Ep)x 100 - ]
vp
Regh l{%[cns&zj i X_*H.{ﬂinl:l!] = ]
K¥sinl), - It%u:nsﬂz
ginB = -B%
mall.i; X%
tanfl, = = Reg/Xeqg
] = tan-1{-Req/Xeq)

e i
I Zero Regulation oceurs when b, = tan-1{-Req/Xeq) I
E e

TRANYVREEG WESudnvevold
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TRANSFORMER LOSSES AND EFFICIENCY

Iron Losses

Hysleresis and Eddy Current losses in a transformer are represented by the power consumed by R

in the equivalent circuit, and is measured during the Open Circuit {(No Load) Test as P .

The ne load lesses depend on transformer supply voltage bul are independent of load current.

Iron Loss P = Vsupply

Copper Losses
Winding power losses in a transtormer are represented by the power consumed by primary
resistunce Rp and secondary resistance Ry in the equivalent circuit, und is messured during the
Short Circuit Test as I*_
e —hl

The copper losses depend on the valdue of Towd current drawn from the transtormer,

!
Copper Loss J'E Is Ruy (8] 13 {15‘11Rup
Efficiency of a4 Transformer
Efficicney % = Load PowerinWatts 100
Taortal Input Power
= loadRload  x100
Noad Rload + Plosses
Ffficiency % LR, _ xl00
I
IL. RL i I’ﬂC ' PH!
AT
Can also be writlen as: | Sher +
Ciftut Ciren 'k
Full Load Efficiency % Full Load YA x Power Fagtor x 100

(Full Load VA x Power Facior)+ P+ |
e

TRANEFF wps wdrivevield



Page - X of 5 T L 0

For any other fraction of Full Lowad wheren = G te |
(Example: for 50% Full luz-ud@} 0.5)

Efficiency % = @rk.l:'-ﬂl Load WA x Power Factor x 100
(Full Load VA x Power Factor) | I*m -ﬁ*q_

Example: A SO0V A mansformer has o voltage ratio ol 6600/400V, iron losses of 2.9kW and
total full load copper losses of 4kW,
Caleulate:
i} efficiency % at full load (L8 pf lagping
i) elfficiency % al hall [ull load 0.8 pf lagging.
Ceggr Mgy = 1By

S0 4 e r
i) Full Load Eff % = Full Load VA x Power Factor x 100
(Full Load VA x Power Factor) + P+ Pﬂr_
o (gape”
L]
= ﬁiﬂﬂxl'ﬂ. %08x1 PG ‘
(SO0X 107 x0.8) + (2,9x10 )} + (4x10')
- 98.1%
i) ¥ Full Load Eff = ; J }
n x (Full Load VA x Power Factor) + P | n"Fm
- SxSO0xI0 X08x100
] L k
0.5%(500%10 X0.8) + (2.9%10') + (0.5) x(4x10")
- O8. 1%
Note _lﬂm losses are constant but copper losses ure pruportional to the (load cum:nt}?.

(ogas RGeS vasy it He flogdd

: Yo b i
. T chiie

! -
R RN P o B [
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-

Page-3of §

Maximum Efficicney of a Transformer

It can be shown that a transformer has maximum efficiency when Iron Losses have the same value

as Copper Losses

‘This will oceur at a particular fraction of full load "n". Las®)
lon - (gger
At Maximum Efficiency P =P

Also:

T
At Maximum Elliciency P e, xPsc(fulI load)

"en ‘ u E

Re-arranging the maximum elliciency equation above:

At Maximum Elliciency n = e

oc'ipgcn.)

Referring to the example above:

Caleulate: 1) the load at which maximum elliciency oceurs,
iv)  the value of maximum ofﬁcjfncy.
Solution: : [\
U\ GC-I,-O(‘
i)  Load Fraction n E V'(P‘X,-'PWL)

: 3 3
= V(2.9x10 /4x10)
- 0.851 (85,1% of Full Lowd)

Note: ‘This corresponds to: 85.1% ol SOOKVA = 425 5kVA
or 85.1% of 400kW = 340.6kW (at 0.8 pflag)

n x Full Load VA x Power Fagctor x 100

n x (Full Load VA x Power Factor) + Puc +nP

iv) Maximum Eff %

s
= F Q‘.SSIXSOUXHB x 0.8 x 100
(0.851x500x10 x0.8) + (2.‘)x|()J) I (2.‘)x103)
- 98.33% K 7\
; max effic anad
Note: If the valucs of Rep, Xep, R and X0 are known, then P(K{\md P s Ay need to
be calculated. \

Poc s Psc cre

[ g ®
TRANEFF.wps udrivevol3 225
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All Day Efficiency of a Transformer

A power translormer may be connected to the supply and energised, for long periods of time,
There may be varying levels n-flmri om the translormer, for dillerent perionds of time.
Sometimes the transformer may be energised but unloaded.

Effiviency will vary, depending on the level of load,

FuJ_ I Inad efficiency is not the only criterion to consider when selecting a suilable transliormer.

We must consider losses at [ull load, fractional load and ut no load over & 74 hour period, and this

is called "All Day Efficiency”,

All Day Efficiency is the ratio of (Energy Output/Energy Input) of the translormer over a given
period (usually 24 hours),

Mote: The units of Energy are Kilowat! Hours (kWh),
All Day Efficiency % = Energy output for 24 Hrs x 100 o KWh out
Energy Input for 24 11r kWh in
Frergy Output in k'Wh - Mower Output in kW x Time in Hours
Energy Input in kWh Power Input in kW x Time in Hours

' (Power Oul + Losses) x Time in Hours
Example: A 100kVA single phase power transformer has iron losses of S00W und full load
copper losses of T50W.
The transformer has a 24 hour load cyele us follows:

& hours at BOkW (.8 power factor lagging,
& hours at 50kVA 0.9 power factor lagging,
4 hours at 25 kVA and 20k'W,

3 hours energised bul no load,

3 hours de-energised.

Caleulute the all day efficiency of the transformer.

I'BANEFF. wps udnivevol3
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Soluti
Complete the calculations in the following table.
| z B 4 . 7 7
Fecod » Paul = Eargy Qul dow [ Pinjtat} Ezergy Is
s Ay Loty lime E. E,,. L00pe < Losstetl Ny PinxTime
kWh K Ay KW AL
$ 8 m;:o ns n7s 125 £ RE SIAJ“Q":K
TLRRYAL - -
6 b—%‘lﬁ_l 455 ns CIBIS O-GETS 45,658 27%.125
.} . =20
uu:wu \
p g 2 us  Ocowr 0541 20647 £2:2
l_ﬂ::\‘?‘) -
1 L.':'a{?u-:—" 0 08 0 0.5 s 1353
(n:vgis‘ﬂf -3
(1 o)
1 n 0 0 n o U
"‘m”d) SOKWD, __I0TAL 1601} et
Notes: Cnpp::r loss calculations (I’sc) for fractional load conditions must use
Pon "l'scn.'
The value of "n" used, is determined by the fraction of full load kVA suppliced not
the fraction of kW supplied,
All Day Efficiency % = Energy output for 24 Hrs x 100 - kWh out
Encrgy Input for 24 Hrs kWh in

290 x 100
Loo ean A V09

- 4§23y

Cnerayy Owigvy Bz (o1, 9 % Garli
b )
Losses = Tolel Pou i Pse - ol g, to! 5

Tolel Tobe! oulpt + dote
gt . ekl culpu Volnsses - catg baiTe

fim
'f::?j P g heors e Tx \

TRANEFF.wps udnivevol3
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PARALLEL OPERATION OF SINGLE PHASE TRANSFORMERS

[ndusirial leads often vary from heavy Toad o light load over & 24 hour penod.

11 is uneconomical to have a lurge transformer working for a large proportion of the fime on light
Toad.

Several transformers can be connected in parallel to share the load and can be switched in as load
INUTEHSES.

Connection of Transformers in Parallel

Refer to FIG 1 which shows two single phase transformers connected in parallel.

.__ v TS ——. S P PP PS— = - - - S )
Iif}‘_...a f"l.r e
z s kine

sl AI I# '. B . |
4 K4 L% 00g¢ i L Sup
! . T
1% T
(a0 ’
8 2 d &7
@m; TR e : -.:_J....-l CreLdr
tﬁ-ur*f.tk:j
Flts 1

The primary windings are connected in parallel across the supply, and the secondary windings are
connected in parallel to supply the load,

Conditons for Parallel Operation

Belore transformers are conneeted in parallel, the [ollowing conditions must be satisfied,
i) the voltage ratio of the transformers must be the same,

by the impedance triangles and % impedance of the iranstormers should be the same,

) terminals of like polarity must be connected together,

Tranparr.wps/odriveveld
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I the teansformers have different voltage ratios, large shorl circuit currents or cireulating currents
will flow when the secondary windings are connected together.

Ot of phase vollages due to incorrect polarity will also cause either large shott circuit currents or
circulating currenls o flow when connections are made.

If the translormer winding impedances are different, then the transformers will not share the load in
proporlion to their KV A ratings.

Polarity Test for Parallel Transformers

Although the terminals of transformers are usually identified with polarity markings, correct polarity
must be checked before paralleling the transformers,

fefer to FIG 2 which shows twa transformers whose primary windings are paralleled across the
supply, but whose secondaries are paralleled through o voltmeter,

Land f—];.

FIG 2

If the terminals to which the voltmeter are connected are of the same polarity, then the voltmeter
will read zero, and the secondary windings can be safely paralleled.

If the terminals 1 which the voltmeter are connected are not of the same polarity, then the volimeter
will read two times the secondary voltage of the transformers, and the secondary windings must not

be paralleled.

Tranparr.wps/udrivevoeld
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MNote: Only a small difference in the two secondary vollages will cause cireulating eurrents
hetween the two windings and copper losses in the tranaformer even i no load is

connected.

Load Sharing by Transformers in Parallel

The proportion of tolal load supplied by each transformer in parallel, depends on the winding
impedanve ol each transformer.

This is similar to the current divider rule for current distribution, since power is proportional Lo

current. _4&"__5 IT
L

Haowever, betiore applying the divider rule, the winding impedances must be referred to the same
base kA or MVA.

If two transformers "A™ and "B" with impedances Eﬂ andd Z'n are connected in parallel, then the total
Ioad WA is shared between the two transtormers secording lo the tollowing equations,

amban LA % YA oraEdy

- ZH
Load on 'l'}'.'.ti = j,i;:-.,f = _3_);"
Z+ Eu
Motes: These calculations should be done using complex numbers.

The impedance values con be expressed either in £3 or %,

Example: A SO0kW load with a power factor of (L85 lagging, is supplied by two transformers
in parullel,
TX, is rated ot SOOKVA with £ 3 15162,

TX, isruted st 400kVA withZ =2+ j4 €0,

Caleulate the loading on each transformer,

Solution;
Total load in kWA = kW 500 SREKVA
pk (.85
!
5] = cos 0,85 = jLa®
Total Loads_ = SERMA1] 8% KVA (note positive anple)

The transformer impedances must be corrected to the same base kWA, in this case
choose a hase of B00KVA,

Tranparr.wps/udrivevold
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For 'I'X& Z = 3 4 j5 22 ona base of 300kV A (rating) %
2 eahif Bap 5 =588 skl xsr - ¥
5.83/59°0)

Foe ']'XB Z, = 2+ j4 0 on o base of 400kV A (rating)

= {2 + 4} % 800 {on a base of 800KV A)
40}

4+ j8 £ on 1 buse of ROOKYV A
= B.94/63.4°0
Z,+Z ” (3+])3) +(4+]8)
= T+ 13
= 14.76/61,7°(1

I.oad ﬂﬂ'['x* = li1"'III':""l.nl.in.l_ﬁ?zl-'l

x.-'». : zl‘:

38871 1.8° x 8.94/63.4°
14.76/61.7"

= 356.4/31.57KVA
297.2kW at 0L834 pf lagging
Load on TX, - lili"i"I't'.rl‘_.'d,'L;‘f‘ﬂ.
Z,+Z,
= SRA/1.RY x 5.83/59°
14.76/61.7¢

232.2/20.1°kVA

202,96W pt 0,873 pllagging

Motes: Total load adids to SO0KW,
Although the rating ul'TX& is twice the rating of TX o the transformers have nol

shared the load according to their ratings,

If these two transformers were supplying a larger load, TX would overload before TX .

Tranpart. wpsudriveveld
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AUTOTRANSFORMERS

A conventional double wound transformer is constructed with two clectrically separate windings
wound on & common magnetic core,

However, an autotransformer consists of a single winding on a common magnetic core,

Hefer to FIG | which shows a connection diagram of a step-down autotransformer.
Magnedic

Circwit

FIG |
One pair of terminals is connected across the whole winding (N turns) which is called the

primary winding.

Another pair of terminals is connected 1o one end of the winding and to a tapping on the winding
(N, turns) and this is called the secondary winding,

This part of the winding (N, turns) is called the "common" because it is common o both the
primary and the secondary while the remainder (N, - N, tums} is only part of the primary
winding,

Like a double wound rransformer, the following equations also apply to the unloaded step-down
autoiranstormer:

For the step-down autotransformer, k=1,

When a load is connected to the autorransformer secondary winding (N,), and draws current T,
the corresponding primary current is [ .

Tranautntudrivevnld
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Using Kirchhoff's Current Law, the current in the "common” winding is (1, - L)} flowing up.
Since MMT in the magnetic core must balance, then:

Ix(N-N) = (,-ImN,

NI -NI = Nyl - N,

which reduces to:

L - N, = 1|
Nl

Note: This is the same equation as lor a normal double wound translormer.

Some of the load current comes from the supply through the primary winding, and the remainder
of the Toad current comes from the common winding through transformer action.

Comparison of Fully Wound and Autotransformers

Assume that the fully wound transformer and the autotransformer have the sume voltage ratios
V /¥, supply the same load current 1, (and there lore the same losd Y A) and are both ideal,

The Fully Wound Transformer has two sepurale windings, one with N, fums capuble of carrving
current [, und the other with N, tums capable ol carrying current L.

The Aulotransformer has a single winding with N, tums with a tapping at N, turns, the separate
part of the winding (N - N, turns) carrying current downward, and common part of the winding
(N, tums) carrying only current (1, - L) upward,

This comparison, shows that the autotransformer saves one winding (N, tuns), and the common
part of the winding can be wound using smaller cross section conductor,

‘This means that an autotransiormer will have less windings than a double wound iransformer for
the same VA rating,

Tremautoudrivevold
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i,

VA Rating of Windings for Step-down Transformers (k=1)

I the transformers are ideal and have no losses, then VIII L Vilz.

Fully Wound:

Total VA rating of Transformer

Autotransformer:

Total VA rating of Transformer

Since V 1 = V.1,
then Total VA

Comparing VA ratings:

VA of Autotransformer
VA ol Double Wound

VA

PRIMARY vﬁ&lﬂmlmu?
VIII + VIIE

vV L

VA + VA

GHPARATE COAMON
'Wl - *l.-"z}[1 2 v.‘!{[l -1)
"\-’j[l - "n.-"il1 1 "v"zl1 - "'.-"zlII

vllt t V'J.Iz - 2""ll:c]:l

2"\'"111 -2"\"'1]1
Hlil.;EVIII

EVLII
f‘2':;'1'11: ' ;Ezll
v I, A
1= "."E.l"l-lrl

1 - 1k (where k=1)

This means that the autotransformer requires 1/k less windings than a double wound transformer
to supply the same VA load with the same step-down voltage ratio,

Lover VA oot

Tranatoudrivevald
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There is a saving in copper required for the autotransformer, and the weight of copper in the
winding is proportional to the winding VA rating,

Copper Saving with Step-down Autotransformer = 1k where k>1.

The Step-up Autotransformer

Refer to FIG 2 which shows a connection diagram of a step-up autotransformer.

This Autotransformer has a single winding with N, turns with u lapping at N turns, the separate
part of the winding (N, - N turns) carrying current I, upward, and common part of the winding
(N, turns) currying only current {1 -1.) downward,

Again, this companison, shows thast the autetransliormer gaves one winding {NI turns ), and the
common part of the winding can be wound using smaller cross section condutor,

The step-up autotransformer will also have less windings than a step-up double wonnd
trunaformer for the same VA rating,

Like a double wound transformer, the following equations also apply to the unloaded step-up
autotransformer:

For the step-up autotransformer, k'<1.

When a load is connecied to the autotransformer secondary winding {N-;}’ andd draws current I,
the corresponding primary currentis [,

Tranautovudrivevald
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(&
Using Kirchhoff's Current Law, the current in the "common” winding is (Il - 12) flowing down,

Since MMF in the magnetic core must balance, then:

(N,-NJL, = N, -1)
NL-NL, = NN
which reduces to: 3
I - A 1
L N, k
Note: This is the same equation as for a normal double wound step-up transformer,

Some of the load current comes from the supply, and some from the common winding through
transformer action.

YA Rating of Windings for Step-up Transformers (k'<1)

If the transformers are ideal and have no losses, then V Ill - Vzlz.

Fully Wound:
Total VA rating of ‘T'ransformer = VA e WA
. VI +V,
FAY 'I|
Autotransformer:
Total VA rating of Transformer ViSs Lt VACOMMON

= (V- VL +V (I - L)
= VL=V L +V I - VL
V,L+V ]I -2V L
Since V I =V 1,

then Total VA = 2\,'11l -2V 1,

Comparing VA ratings:

Tranauto/udrivevol3



Pope -6 of 8

TR 61
VA of Autetransformer = ﬂlll - 2\-’112
VA of Double Woumd v
= el - VL
Evtll IV.[I
1= T‘f(ll
-1 -K (wherek'<1)

This means that the autotransformer requires k' less windings than a double wound trunslormer to
supply the same VA load with the same step-down vollage ratio,

There is a saving in copper required for the autotransformer, and the weight of copper in the
winding is proportional Lo the winding VA rating,

Copper Saving with Step-up Autotransformer = k' where k'<1,
Winding Copper Saving ay a Function of k

Refer to FIG 3 which shows the relationship between transformer voltage ratio "k" and the %
winding copper saving, if an autotransformer 15 used instead of a fully wound transformer,

-

Cefiper
b = TV r'ﬂ
Advantage of the Autoiransformer

Autotransformers are cheaper to build than double wound transformers of the same VA rating,
since less windings are required. =&, W.Adﬂ k, Wonspre

isadvantages of the Autol O

Unlike a double wound transformer, there is no electrical isolation between the primary and
secondary windings,

If there is a large step-down in voltage, there is a risk of the high voltage supply appearing across
the low voltage output if a shott cireuit oceurs in the windings,

Trmzuto'udriveveld
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This means that the sutotransformer cannot be used as an isolation transformer or where there is 8
large voltage ralio.

Applications of Autotransformers

I Used to supply reduced voltage for starting squirrel cage induction motors
{ Autotransformer starting).

i Used in HV interconnected power system substations Lo step down from 330kV to 132kV
(three single phase units connected in star).

£ Not used for domestic or industrial supplics at distribution voltages, due to the hazard.

4. Voltage control of power and lighting circuits.

A double wound transformet can be used as an autotransformer, by connecting the two windings
in series to form u single autotransformer winding with a tapping,

Refer to FIG 4 which shows the series connections of the double wound transformer to produce
an autotrans former,

& & Vo « g
B
0}
Fit: 4

The VA rating of a double wound transformer connected as an autotransformer is greater than ils
rating as a double wound trans(ormer,

Tranactoudrvevold
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Example:

Sulution:

Page -8 of 8 e T8
A S00/230Y double wound single phase transformer is rated at 10KV A,

The windings are connested in series, to form an autolrmstormer.

) dmaw a diagram showing the connections when used as a 75002500
autotransformer,

b) calculate the rating ol the sutotransformer,

c) caleulate the current flowing in each part of the autotransformer when it is
supplying rated load,

xp,' _ o :
~ e s
B }

b) As adouble wound trunsformer, the rated current of each winding is

Rated 1o i any YA ren 10000 v 2 Etﬁ
é 5007

Rated oy onpany YAg oo = 10000 = _S0A
v 250w

%

When connected as an autotranslormer, the currents in each winding must be such
that the mm s in the core balance,

ke 204
Leommon A 40,
L emconpary = hormt * oommon
= 20 + 40 = kA
Crput VA of Autotx = Vexl, = 250mb0
] 15kVA

Note: This rating is greater than the original 10kVA rating of the double

wound fransformer,
c) Current in common winding 40A

Current in separate winding = 20A

Transutndudrivevol3



Page- 1 of 5 | v

THREE PHASE TRANSFORMER EQUIVALENT CIRCUIT

Three phase translormer calculations are carried out on a "single phase equivalent” circuit,

‘This means that the three phasc transformer must be represented by a single phase equivalent and
all quantities (vollage, currenl impedance, power ctc) written as single phase equivalents,

anariteg atAbnileand EhrssBhass Tianth

Single Phase Transformer

Epprmvary = Voltage across the primary winding
HSECONDARY = Voltage across the secondary winding
IpRIMARY - Current flowing in the primary winding

lSECONDARY = Current flowing in the secondary winding
Theee Phase Transformer

EI‘*R!MJ"LH Y LINE - vﬂltlﬂﬂ across the pl“ll'l‘l-l-'l-l'}' aide lines
EepcoONDARY LINE - Voltage across the secondary side lines
FPRIMARY PHASE ' Vollage across n primary side winding

EﬂfE[I}NDﬁRY PHASE - Voltage across a secondary side winding

IPRIMARY LINE Current [lowing in a primary line conductor
LpcONDARY LINE = Current flowing in a secondary line conductor
IPRIMARY PHASE - Current flowing in a primary winding
ISECONDARY PHASE - Current Mowing in a secondary winding
Note: In Star connection iy pyp V3EpyASE

'LINE = IpHASE

In Delta connection  Ep g = Eppyasp
biNE VIXIpHASE

SPHTXEQ WPS viol3
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VA Watts and Vars
VA =  Eplpor = -EHKIS
Power = Eplptost ar - Fglguost
Wars ’ Eplpsind or = Eglgsing
Ihree Phase Transformer
VA x VIxEL NELINE i prim or see)
Power - VIXE] Nl pyEpcose (prim or sec)
Vars = VIR e psind (prim or sec)
Turns Ratio of a Three Phase Transformer
The turns ratio of a transformer is the ratio of:
Turng on_a Primary Winding
Turns on a Secondary Winding

and can be determined by the ratio ol primary to secondary phase voltages,
Star-Star Transformer
TumsRatio = EppivARY@HASEY & = EpRiMARYLINE

ESECONDARY PLIASE ESECONDARY LINE
Drelin-Delta Transformer
Tums Ratioc = :
ESECONDARY LINE
Star-Delta Transformer
Turns Ratio PRIMARY(PHASE
ESRCONDAR YOINE
Delta-Star Transformer
Turns Ratio 5 1 WAR lﬂlﬁ; :
SECONDAR YPHAS)

SPHTXEQ. WPS vol3
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Eauivalent Circul

The equivalent circuit of a three phase transformer is determined in a similar way 1o a single
phase transformer except that the values are caleulated per phase,

Short Circuit and No Load T

The short circuit and no load tests are carried out as a three phase test, but the test results are
converted to single phase equivalents to allow equivalent resistance and reactance values to be
caleulated for each phase.

Example:

A 10 MYA three phase, star-star connected translormer has a voltage ratio of
33VI1EY,

A no load test is carried out on the transformer by applying 11kV to the sccondary
winding and recording the following results,

Line voltage 11kV
Line Current = 154
Power - T5kW

A short circuit test 19 carried out on the transformer by applying a test voltage w
the primary winding with a short circuit applied to the secondary winding and
recording the following results,

Line voltage 1650 line-ling
Line currenl = IRATEL
Power = SOkW

Drraw the cquivalent cireuit of the translormer with all components refierred 1o the
primary side,

No load test results per phase;

E"l'l':.ﬂ"l' kWA = 6.35kY
lTEST = [5A
PrpsT . TSKW/3 25KW.
l.
Ros Fy®Py
- 32
25x10°
= 16130
Iro = Eg'Rg
= 635x10°
1613
- 1044

IPHTXEQ. WPS - vol3
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V(I - Ipg?)
V152 - 3942y
= 1447A
Fo'lxo

i 6.35x10°
14.47

. 438,802

Transformer turms ratio

Ep pine
g LINE

S\
kY

- 3.

Rogh(3)?
1613x9

Rip .

m 14.5k0
Xop Xogx(3)?
= 438.8x9
- 3.95k02
Short cireuit test results per phase:
ErgsT 165043 =
ITEST = Rated Jphase WA

“3%E| INERATED

S [
VIx3ax10°

= 1754

PrEsT kW13 2

2 e
LrgsT

Rpp

APHTXEQ. WPS

953V

SOKW.
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3ox10°
175x175

0.9802

ETEsST
IregT

253
175

5.40
'“I{EE]'JE - REPEJ
542 008y

5,30

viol3



Powgl TRANSFERMERS 3 VECTOR GRouPINGS

CUNNECTIONS 1FOit THANSFORMEARS .

With windings thnt can Le connected in star, mash, zigeag,
with primary, secomidary, tertinry, or anta connections; and trapnsaformers
in single unita or in bonks of three, it is clear that the variety of
connections ia very great. No attempt will be made hera to describe them
completely: in many casos the characteristics, advantopes, oand drawbacks
nf 4 given i1ype of connection can be ostimated {rom the veetor of thae
primary and seconlary e.m.f. 3.

A veclor diagrom com be constructod on the [ollowing general
prinelples =

{(a] The valtages of corresponding primary and sacondary windinga on
the same Limb {L.e., the Laput or applied primary voltagae, and
tha leveloped secondary output voltage)] are in phase opposition
and Lhe two induced e.m,f. 2 are in phade. ' '

{ud The @a.m.f. & induced in the three phases are efjual, balanced,
displneed mutually by ene-thierd pariod ln time, and have a
dafinite sequaonce.

Homenclaturo.

Tranafarnor Ltorminals . . are brought
out bn rows, tha h.v. on one wido and the L.ov. on the ather¢, and ars
lettarad from lelft to rlght fuclng the h.v. side, The h.v. tarminals
have capital lettors {ae.g. ARC); and l.v. terminals carraaponding
having #nill lattors (e.d. sbe), Tartliary windings, whare provided,
arg lattored with sapltals sncluserd in eircles. Neutral tarminals
proceds Ling terminala. Each winding has two snds dasignated Ly tha
subscript numbers 1, 2; or Lf there are intermediary tappings, thuse
are numberad in order of thelr separation [rom end 1.  Thua an h.v.
winding en jhnse A with four tapplng would be numbered hl. *2‘ ﬁJ...
Ao with A, and Ap forming Lhe phase terminalse.

It the induced @.m.f. 1A an h.v. phase ‘1 la be in the direction

A: to Aﬂ nt a given instant, Lhon tha induced e.m.f. in the cofraEpuAding

L,v. phusc at the same inatent will be from a, to &, Tha wectar Jiagram:

in Fig, 1 represent induced e.m.f."s (not applied voltagea) for a number
ol mathods of connectiona,

Palyphase transformers are allottad aymbola giving the type uw'f phaae
copmection and the angle of advance turned through im passing frum the
vector reprosenting the h.v, ¢.m.f. to that repressnting the L.v. e.m.f
at the corresponding terminal. The angle may be indicated Ly a clockface
hour Figure, the h.v., veclor Loing 12 o'clock [(zero} and the cerrespandin
1.¥, veetur being represenied by the hour hand., Thua "¥Yzd 11" represanta
a {h.v. starfl.v. wigzagftertiary delta) = connacted J-phase transformer,
with the l.v, {ngggngurxb e.m.0, voectar in a glven phase-combination at
"1 o'clack," t.e, + 10 ln advance of the 12 e'clock position of the h.v
a.m.l.

The groups into which all pussible three=phase tranaformer connectio
are clagsilfied are -

Group §: Yora phose Jdisplacemont (yyD, DdO, DzC).

Croup &: 1f0” phase displacement (¥yG, Ddb, Dzé).

Group J: jﬂu lag phase displocement (Dyl, ¥Yd1, Yzi).

Groug hi: 3n0 lead phase displacement (Dy11, Ydil, Yztill,

@



Tl pringrpal Fealures ul o few of the
Juam ] ivir & = [

Star=5tar, [¥Yy0 or Y¥h)

I'his is the most nconomical connection

-iﬂ;ffﬁTQE Elnuﬁufrﬂﬁﬂzy

more comnon connections are noted

for amall, high-voltage tranaformors

us Lhe pumber ol tarns per phase and the apeunt of insulntion la o minimum. The
possibility of utilizing Loth atar points for a fourth wire may be useful.

Third=-harmonic voltages are absent from the line veltage; unless thare is

i fourkh wire po third-harmonie currents wi
wirkod ot porsal Clux donsity, howawer, the
while the thicvdl-hoarmonic phaso=voltuges may
Hpltm, The connectiog is most saallalfnctory
rear othar types the provision of a tertlary
gupilitions.,

Uel o=t (1l or iG]

Il flaw., I the transfarmar is
nevtral putentinla will escillate,
be Wigh Cor shell-type three-phase
with the threa=-phasa coreatypa:
winding atabilizes the neutral

Thiis is i ecuncalical connection far large, low=voltage transformers in

whiteh Lhe lnsulntion problem is net urgent,

as it incrouses the number of

Liiving g phase and foduces the necessary sectionul area of cunductors.
Lorge unbajance of lond can be mot wilhout diffleuley, while the cloaad mesh

murves Lo damp out Lhivd=harmonic voltagea.

It isa possible toe operatn tha

teans Fevmer o S par eent of &le normal rating in vee cunneclion should one
roLha phoses develop a fault. This, hewsver, is not usuolly practicable }
'ﬁlt“ thrae=phana unite. Thu absenca of a star-puint pay be disusdvantegeous.

Stir-NDolta, LDy or Yl

®

The atar-daltn urrangement ls very common for power=supply transfermers,
L has tho advantage of & atar-point for mixod loading, and a delta winding
to earry Lhled-harmonie currents which stabllize the star-polnt potemtial,
[ the Nh.v. winding is ths star-connected alde, there ia some aaving in
cust of lnsulatlen {Ane Star=-Star). A dalta-connectad h.v, winding is
ijmost unlversal, howevar, when it is desired to work motors and llghting

I'reom & Four=wipe L.v, side.

4igeag=Star, (¥ml ar Yull)

Thea intercennsctinon batween phises affects a reduction of third-harmenlie
voltagos and ut the spme time pormits of unbalunced loading®s| on account of

tha type ol conndétlon, howaver, tlia zigzag

haa to ba confined to a fairly

low=valtage winding. Sinem the phase voltages are composed on Lhe zigzag
,&ida of Lws half-valtapes with & phase difference of 6O, 15 per cent more
iturns are requicved for a given total voltage per phase compared with a norma
phrse conpnaetion, whieh may necessitate an ipereass in the frame size over
that nurmilly wsed far the rating. The zipgzug-satar connectlon has bLeen !
employed whare delta connections wara mechanically weak (on account of lapge

numberas of turnas and small copper soctioma)
ulew for reclilfiers.

lwnoeral Memorks om Throe=Phasa Conneoctions.

in high=veltage transfoarmers|

In three=phase worlking, which is becoming universal, a choiece is

pusasible between o throo-phase unit and the

bank of three single=phase

units. A three-phose welt will coust about 15 per cont logas than a bank,

aml will secupy considerably Jess space; this is reflectad in power and
substation building costs, There is no differemce in reliability, wut, ’
as ragavds spare plant, it 18 cheoper to carry a single-phase than a three-
phasg unit i) only ono installeation 65 concernaed. Where there oare several

sets, thiys is less important. Single-phuse

banks are preferred in mines

un sccount of Lhe eapier transporl underground,



‘Mg choicg hatween atar ond mesh gonnection merits separate conaliderabion
in sach case. Stur connasiian is cheaper, sipce mezh connaction neads mora
turns wnd more insulntlen. The differance in =mall, however, at valtages
helow Il K¥a With vary high voltages a saving of 10 per cent may be elffected,
wainly on nceount af Lhe insulatien. AR advanctage af the star-connected
vindlng with aurthed neuira]l is that the maxleaus voltage to the core [frame
we worth] in limitad to S0 perceant of the line waltage, whersos with & delbu=
connecied % brling the marthing aof one line {dua to Tfaulk] increases the maxlmum
valtuge Lelween windings und core to the full Line voltage. Technically the
menh-copnactold primacy i sassential whara the L.v. secondary L8 a stars=comnactad
Cusi=wire supply to mived thres=phese and singie-phase Joads.

alr
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THREE PHASE TRANSFORMER VOLTAGE REGULATION,
LOSSES AND EFFICITENCY

The veltage regulation, losses and efficiency of a three phase transformer are calculated ina
similar way to a single phase transformer, as the three phase transformer is represented as 4 single
phase equivalent circuit.

Retier to separate notes on single phase transformer voltage regulation and losses and efficiency,

Example: A1 000KVA, 6 600/415V, 3 phase, delta/star transformer has R% of 1.5, and X%
of 4. Maximum efficiency occeurs at 509 full Toad,
Caleulmte:

a) the iron loss
b the tull load efficiency ot (.8pF lagging
0] the maximum efficiency at 0.8pf lagging

dj the approximate percentage regulation on full load, unity power factor,

Refer to FIG | which shows the circuit diagram of the transformer.

" A
A >
Viine+ bhoo (1-“ g e ..-{:R“L e 4y

=
o

Full load primary line current is;

= 3 Phase VA
i
N 3x‘v’u~b

LINE FRIM FL

Iptxiref.wpsuvoll



Full load primary phase currenl is:

I

PHASE PROAFL

1

LINE

-

Page-2of 3
3

1000x10

WAROHM

HT.5A

V3

S
V3

S0.5A

Equivalent resistance per primary phase is:

Rep

i) Copper loss at ¥ full load

Iron loss

Since maximum etheiency occurs at b full load, then

[4]] Full load copper loss

Jpixorelwpsavold

=

Copper loss at maximum efficiency

Irom loss

RV s

I'I:'l-lﬂ.!t J‘Lx 100

1336600
50.5%100

1.964

“I"HME L

B {SE}.S.-"Ef x 1.96
= 1.25kW/phase

= 3. 75kW for three phoses,

= 1T5EW,

)

| xR, per phase

PHASE FL

- 505196
= SEW / phase

= 1 5kW for three phases

32]2 x li'.EJ1 per phase

1y |"3



N J 6
Page-3of 3 § i

Full load iron loss = 3.75kW for three phases

Efficiency at Full load 0.8pl lagging is:

Full Load Efficiency % = Full Load VA x Power Factor x 100

(Full Load VA x Power Factor) =P .+ P_,

3
= —1000x10'x0.8x100
(1000x10 x0.8) + (3.75x10°) + (15x10 )

97. 7%
¢) Maximum efficiency occurs at 50% full load (n = 0.5)

Maximum efficiency at 0.8 pf lugging is:

Maximum Eff % - X ad VA x Power Factor X
nx(Full Load VA x Power Factor) + Pm,’
3
= i ,O.SAIQQO:LLO &0,83109 —,
0.5(1000x10 x0.8) + 3.75x10 + (0.5 x15x10 )
" 98.16%

d) Percentage Regulation at Full load Unity power factor is:
% Regulation = R%cos6 + X%sin6
= 1.5x1 + 4x0
1.5%
This means that if rated voltage is applied to the transformer primary windings, then the voltages

measured across the sccondary lines or phases will be 1,5% lower than the rated values for this
loading.

IptxYoref,wpsuvold
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UNBALANCED LOADS ON THREE PHASE TRANSFORMERS

Primary and secondary magnetomotive forces (mmfs) in the magnetic core of a transformer, must
always balance.

This means, that lor a particular load current (lowing in the secondary windings producing an
muni, there must be a current flowing in the primary windings that will produce exactly the same
mml to balance,

The transformer ratio equations NpNg = Vp/Vg = Is/Ip suggest that the ratio of currents in a
translormer is the reciprocal of the turns ratio.

This is the case for balanced loads, so that we can calculate the primary and secondary currents in
corresponding phase windings by using these equations.

However, when unbalanced loads are connecied to three phase transformers, it is possible that the
ratio of currents 1g/[j; is not equal to the ratio of Np/Ng in corresponding windings.

The primary and sccondary mmfs must balance, for the transformer (o operate correetly, 1 the
currents in corresponding windings do not produce balancing mmfs, then the additiona) mmf
required, must be produced by another winding, and must have the correct phase relationship,

Below are some examples of unbalanced loads, and the resulting distribution of currents through
the transformer.  All iransformers are assumed to have line vollage ratios of 1:1, are supplicd
from a star connected generator and the single phase Inads are 100A at unity power factor,

CASE 1
Star-star transformer with single phase load across 2 lings

Reter to FIG 1,
With this method of single phase loading, there are equal currents in the loaded phases and sero
currént in the unloaded phase,

The primary load currents have a free path through the two primary windings, corresponding to
the loaded secondary phases and the two line conductors back to the peneralor.

There is therelore no choking effect, and the voltage drops in the transformer windings, are those
duc only to the normal impedance of the transformer,

The transfarmer neutral points are relatively stable, and the voltage of the open phase is
practically the same as af no load. The secondary neutral point can be earthed without aftecting
the conditions.

The above remarks apply cqually to all types of translormers whether they are of gore type or
shell type construction.

JPTEUIBLD. WPS vold
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CASE 2

Star-star transformer with single phase load from one line to neutral

Hefer to FIG 2. .

With this method of single phase loading, the primary current coresponding 1o the current in the
loaded sceondary, must find a return path through the other two primary phases.  As load currents
are not ilowing in the secondary windings of these two phases, the load currents in the primaries

act as magnetising currents to the two phases, This results in the voltages of the lwo unloaded
phases increasing considerably while the voltage of the loaded phase decreascs.

The neutral point, therefore, is considerably deflected.

The current distribution shown is only approximate, as this will vary with sach individual
transformer design,

The above remarks apply strictly to three phase shell type transformers and to three phase banks
of single phase transformers.

Three phase core type transformers can, on account of their intetlinked magnetic circuits, supply
considerable unbalanced loads without very severe deflection of the neutrul point,

CASEJ

Star=star (ransformer with generator neutral joined and single phase load from one ling to
neutral

Refer ta FIG 3, ;
In this case, the connection between the generator and transformer neutral points, provides the
return path for the primary load current, and this effectively short circuits the other two phases.

There is therefore no choking elfect, and the voltage drops in the transformer windings, are those
on the one phase only, due to the normal impedance of the transformer.,

The translormer neutral points are relatively stable, and the voltages of the above phases are
practically the same as at no load,

The secondary neutral point may be earthed without affecting the conditions.
The above remarks apply cqually to all types of transformers,

CASE 4

Delta-delta transformer with single phase load across 2 lines

Refer 1o FIG 4.

With this connection, the loaded phase carrics 23 of the total load current, while the remainder

flows through the other two phases, which are in series with each other, and in parallel with the
loadded phasc.

On the primary side. all three windings carry load currents in the same Propartion as the
secondary windings, and two of the line conductors carry the current to and from the penerator.

FPTXUBLD WPS vold
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There is no abnormal choking effect, and the voltage drops are due to the normal impedance of
the transformer only

The above remarks apply equally to all types of ransformers.

CASE S
Star-elta transformer with single phase load across 2 lines

Refer 1o FIG 5, :

On the secondary delta side, the distribution of current in the transformer windin gs 13 2/3 in the
loaded phase and 1/3 in the other two phases,

On the primary side, the corresponding load currents are split up in the same proportions as on the
secondary,

The primary currents are equal to the secondary currents of the different pheases multiplied by 43,
and multiplied by the ratio of transformation according to whether the transformer is step up or
step down,

The primary neutral point is stable,

The above remarks apply equally 1o all types of transformers,

CASE 6

Delta-star teansformer with single phase load across 2 lines

Refer to FIG 6 :

With this method of single phase loading, there are equal currents in the loaded phases and vero
current in the unloaded phase.

Currents in the corresponding primary windings are 1/3 or 58% of the secondary ratio currents,

There are currents flowing in all three lines back to the generator, with one line currying twice the
current in the other two.

There is no choking effect, and the voltage drops in the windings are due only to the normal
impedance of the transformer,

The transformer secondary neutral point is relatively stable and may be earthed,
The voltage of the open phase is practically the same as at no load.

The above remarks apply equally to all types of transformers,

IPTHUBLD. WS vol3
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CASE 7

Delta-star transformer with single phase load from one line to nentral

Refer to FIG 7.

With this connection, the load current lows only in the loaded phase and the neutral on the
secondary,

On the primary side, 1/93 times ratio current flows in the loaded phase and retums to the
generator through two lines,

There is no choking cffect, and the voltage drops in the windings are due only to the normal
impedance of the transformer.

The secondary neutral point is stable and may be carthed without affecting the conditions.
The voltages of the open phase are practically the same as at no load,

The above remarks apply equally to all types of transformers,
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FARALLEL OPERATION OF THREE PHASE TRANSFORMERS

It three phase lransformers are to operate elfectively in parallel, and share the load aceording 1o
their ratings, thien they must be identical in i following parameters,

a) Woltage Ratio
()] Vector Grouping
¢l Percentage Impedance.

Ifany of these requirements are not mel, then currents will flow beiween the secondary windings
of the two translormers even when noe load is connected, and the transformers will not share the
total load.

Note: During testing, sometimes the voltage ratio of one frunsformer is deliberately
changed (by changing its tap position) so that current will flow between the iwo
transformers, thus allowing the transfiormers to be loaded withoui having the
provide a load impedance.

Iefer o separate notes on single phase transformer parallel operation

Luad Sharing by Parallel Three Pliase Transformers,

Equations similar to those for single phase transiormers are ysed

If two transtormers "A" and "B" with impedances 2 A and Zpy are connected in purallel, then (he
total Jond VA is shared between the two transformers aceording to the lollowing equitions,

Load on TX 4 = MEOT.-"LII ALy
A'7g

[Lond on Txrg - M.'EEJIJI;‘&""_K ?".-"'n.

AZg
Note; These caleulations should be done using complex numbers,
The impedance vidues can be expressed either in €2 or % and relerred to the same
"base" VA,
Example: I'wao 3 phase transformers are connected in parallel on both hi gh and low volape

sides to supply a load,

Transformer A rated at 10M VA has a % impedance of (2 1 {51 % and the
transformer I3 raled at 20MVA has a % impedance of (3 + {7.5) %,

Both impedances are expressed in terms of the rated quantities of cach
fransformer,

Caleulate:

a) the % impedance of the 200V A transformer 1o a base of 1OMVA_

b MVA supplicd by each iransformer if the load is 15MVA at unit v ol

cl whelher it 1s passible for this transformer combination (o supply 300V A,
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Solution;
a)
b)
c)
3PHTXPAR. WPS

Total Load

Lo onTXA

Load on Xy

These transformers do not share load accordin
could not supply a total load of 30MVA wilho

overloading,

Page -2 of 2
2+j5%
35, 38/68.2“% on LOMV A base,
3437.5% on 20MVA base
{3 LiL5) on 10MVA base
2

1.5+ j3.75%

4.04/682%% on IOMVA base,

1560Y MV A

YATOTALX /B
7 At ZB

15/0° X 4.04/68.2°
(2+35) 1 (1.5 +)3,75)

60.6/68,2°
3,5+ 8,75

60.6/68.2°
9.42/68.2°

6.43/0° MVA
MW%TALJLZA
‘At Zp

L5/0° x 5.38/68.2¢
9.42/68.2°

8.57/1° MVA

@ 1o their ratings, so that they
ut ‘T'ransformer A

vol3
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HARMONICS IN TRANSFORMERS

The use of high flux densitics in transformer cores s imposed by requirements of an economical
design and the reduction of dead weighl,

This often results in saturation of the magnetic circuit and operation in the non-lincar part of the
B-Mlcurve. Figure 1 below, shows how magnetising current varies with time, for a sinusoidal
flux waveform corresponding to a sinusoidal emf,

The current wavelonm is not sinusoidal and contains odd harmonics, The major harmonics
present arc third and fifth, which increase in amplitude as the flux density level increases,
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FIG 1

Thus a sinusoidal flux wave (required by a sinusaidal ap

current with a harmonic content,

plied voltage) demands a magnetising

But a supply of strictly sinusoidal voltage cannot supply & harmonic current,

If a sinusoidal magmetising current is provided, however, the flux wave will fail to reach its
sinusoidal peak value and will become flat topped,

The em! induced by it will then become pesaky with third and other harmonics. Figure 2 shows
the relative shapes of flux, emf and magnelising current wavelorms for conditions of sinusoidal

eml’and sinusoidal current

Mote that if emf s sinusoidal, then flux is also sinusoidal, whereas, if emf is distorted, then flux is

alzo distoried.
TRANHARM WPS
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f‘iif:& sinusoidal magneliting eurrent
FIG 2
SINGLE PHASE T RANSFORMERS
Assuming a sinusoidal supply valtage, the flux will also be sinusoidal,
This means that magnetising current must be distorted and contain harmonics,
Note that this distortion can be seen in the current on no load, but may not be evident when the
transformer is on load since it will be swamped by the load component of current which is much

larger and sinusoidal,

The harmonic currents set up 1R losses and also incréase core losses, which are proportional to
frequency,

In a system of balanced three phase voltages, the fundamentals, and the fifth, seventh, eleventh
and thirteenth harmonics all produce vollages displaced by 120°, and the third and ninth
harmonics produce voltages that are in phase with each ather in cach phase,

THREE PHASE BANKS OF SINGLE PHASE TRANSFORMERS

The effects here will depend on whether the phases are magnetically separate, or whether they are
magnetically (as well as electrically) linked

Where three phase banks of single phase transformers are used, the magnetic circuits are

obviously separate, and each core must itself produce the flux demandad by the condilions of the
tlectrical connections, which then detérmine the flow of harmonic currents.
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Dd Copnection

The delta connection provides a path for (he third harmonic currents to flow, driven by the

" harmonic emfs which arc all in phase,

Fach phase harmonic emf is absorbed by its own 12 drop, and therefore no third harmonic
componants of voltage will be seen al the line terminals.

The impedance to harmonic currents is usually small and so very small emfs are sufficient 1o
circulate considerable harmonic currents.

Xd and Dy Connection without neutral

50 long as there is no neutral connection, either of these connections will operate in the
same way as the Dd connection.

Third harmonic currents will cireulate in the delta, but will not flow in the star connection, as
they are in phase and require the fourth wire to flow through,

Yy Connection without neutral

Current is forced (o be sinusoidal since there is no path for third harmonic components to
flow. =
LN
This will produce distorted flux which will in turn induee distoried emfs into the secondary
windings. (e dis i, L{I i

¥y Connection with nentral
The neutral connection carries the third harmonic components from all three phases which

are all in phase and therefore the current in the neutral is three times the harmonic current of one
transformer,

Tertiary Deltn winding

IF'Yy transformers are provided with a delta connected tertiary winding, harmonie currents
can circulale in the delta connected winding and reduce distortion of flux and induced emfs,

Sometimes the delta winding is provided exclusively for this purpase of il may be used to supply
another load,

If exther or both of the primary and secondary windings have neutral connections, these will
compete with the tertiary winding for some of the harmonic current, the division of which
depends on the relative impedances of the alternate paths,

LTS
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THREE PHASE TRANSFORMERS

The conclusions determined above, for three single phase transformers can be applied
directly to the shell type three phasc transformer, in which the magnetic circuits of the separate
phases are complete in themselves and do not interact
However, with the three limbed core, the phases arc magnetically interlinked and any third

harmonic fluxes that exist, are directed cither all up or all down in the limbs together at any
instant.

The return paths of these fluxes must therefore lie outside the cores through the air or oil and the
walls of the tank.

These paths are of high reluctance, so that there is a strong tendency to retain a sinusoidal flux
and eml.

Occasionally the third harmonic fluxes have been found to cause losses in the tank wully.
Five limbed transformers and end limbs provide a return path for third harmonic fluxes,
EFFECTS OF TRANSFORMER HARMONICS

The efleets of harmonic currents are:

n) additional I°R loss due to circulating currents

b increased core loss

) interference magnetically with communication circuits

and may cause

a) increased diclectric stresses

b} electrostatic interference with communication circuits

] resonance hetween the inductance of the transformer winding and the capacitance
of a feeder to which it is connected.

HARMONIC GENERATORS

Harmonic currents and voltages are gencrated by a varicty of types of equipment,  This
includes equipment in which the impedance varies during each half cycle of the applied emf and
by equipment which generates 4 non-sinusoidal back emf,
Transformer magnetic circuits have non-linear B-H curves and hysteresis effects,

The variable permeability of the core, causes a change in inductance and hence inductive
reactance of the winding as it passes through a cycle of magnetisation,

Other equipment that may produce harmonic effects includes, rotating electrical machines,

gaseous discharge lamps (including fluorescent lamps), arc furnaces, rectifiers and loads
controlled by phase angle firing of thyristors.
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