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4. Single phase transformer

introduction

ideal transformer

referred quantities

real transformer

determination of transformer parameters from tests
transformer rating

regulation

efficiency
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$%57 A\t the end of the lecture, students should be able to
* describe features of an ideal and real transformer

* derive relations for voltage ratio and current ratio
 develop an equivalent circuit of the real transformer

 express the operating parameters of the transformer on a phasor
diagram

* describe the tests for determining parameters of the transformer
 determine equivalent circuit parameters of the transformer from tests
 determine rating of a transformer

* derive expressions for performance of transformer: reg. and efficiency

 determine the performance of transformer: regulation and efficiency
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Demonstration transformer at KGRTC
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Transformer schematic
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* consists of > 2 windings on a common magnetic circuit

« arranged so that all or nearly all flux linking 15t coil passes thru’ 2nd
coll

 achieved by well-defined low reluctance magnetic circuit linking the

2 coils



f - Iideal transformer applies 4 assumptions:
' 1) No leakage flux
* S0 ¢;=¢y;0rg =0
2) No reluctance of magnetic circuit
e S=0;0ru =o
3) No copper loss (P,, = 0)
« R, =0,R,=0
4) No iron loss (Pg, =0)

® szoo
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« Faraday’s law

- dgy - dgy
Coil 1: v r Coil 2: vy =Nr—= 5
e with ¢, = ¢,= ¢, for ideal trx
Vl _ Nl
o Ny

e using rms values

Vie _ N
Voi Ny

* subscript / denotes ‘ideal’

e voltage ratio = turns ratio
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 analogous KVL round magnetic circuit
Fi—F,=¢§
Nyjiy =Njip =¢§

e forideal trx, S=0

Nlil — N2i2 or fl — N2
12 Nl

* using rms values

i _ N2

I, NI
* hence

Vie _ Ny _ Iy

Voi Ny Iy
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7« example:

I1500A, — — — — 12=?
[
| I
22KV | '330 kv
| I
e |
Gen. 1:15  Transmission
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2% « on load:

Circuit representation

V9 ZL/—(QL,
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e current & phase angle both on primary and secondary are
determined

* by the load
* not by the supply or power station
* voltages are determined

* by the supply or power station

EEE 3352 / UNZA



4.3 Referred quantities

Side 1 & 2 quantities

1] 12

I%S
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e referring V, land Zfrom one side of trx to the other:

All quantities are seen from side 1

1] 2
e
o o

 the dash ( ”) is used to indicate a quantity has been referred from
one side to the other
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real (practical) transformer has:
1) leakage flux,
c 9#0
2) finite reluctance of magnetic circuit
« S=finite :
3) copper loss (P, # 0)
« R;#0,R,#0
4) iron loss (Pg, # 0)
R, =finite
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4.4.1 Equivalent circuit

A‘B. Copper loss

\

1. Leakage flux

4. Iron loss

N]:Np

No load

2. Finite reluctance
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1: leakage flux:

represented by two reactances in the primary and secondary X,
and X

« they have small values compared to any other reactances

« 2:reluctance of magnetic circuit is not zero:

so there is a magnetising flux or mutual flux produced by
magnetising current;

the effect is represented by a magnetising reactance X,
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(N1 —I,Ny =¢,,S

* ¢, Is the mutual flux produced by magnetising current
OnS = ImagNl
ILiNy =1,Ny +¢,,S

* on no-load, 7, =0, and

_ 1 _ W
"X, jeN?

I =1
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« 3:winding resistance, which incurs P_,
* is represented by the resistances R; and R,,

« for the primary and secondary, respectively

* 4:lronloss, Pg,
* IS represented by a resistance R,

e connected across the supply terminals
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1) Move R, and jX, from the secondary to primary side

Ry JX] JX'2 R’>

4>S
=
Q
LS
QS
S

2
R» - R, [Nlj N2
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»’2) Change R, and jX, across the supply terminals
e gtrictly not legitimate

 series impedances in the circuit are much smaller than parallel
components

« .. the differences (errors) are insignificant
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Final equivalent circuit

RT IDEAL I

V2 2,19,
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 In final equivalent circuit, the designer ensures
 R;and X;are small compared to the load impendence £,

« [ is small, so that R, and X, are large (>> Z'))

« small P, gives large R,

« large magnetising inductance L, , or small S, gives large X,
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Vi=Vh+RpI'a+ jXp12
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(a) On no-load

"
V'2A V] Loss — R,
Vi
fnas = x|
0
V2
2 2 2
15 =17 g5 +Imag
IO 2
Noss Py, = i
Imag R,
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(b) On load

V] .
JXTI2

RTI?2

V2

V220

12
PCu . I o) RT
in = Vil cos @
Pout =V>1>cos@;
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Vs @ CV Vi i H i

1) Apply V, = rated voltage
2) Measure V,, [, P,
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e gives R, and X,
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1) Apply low V. | gradually increasing until rated current flows
2) Measure V,, [, P,
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* gives Rrand X5
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Vv, Vo | 1, | L VA
444N, AfB,, VA=S, =W} =V,»1,
1 2 | 3 4 O
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* Any 3 of the 5 quantities are essential to define trx rating,
* the other 2 can be calculated
« VA rating for ideal trx is the same on primary as on secondary

» for real trx, the primary and secondary VA are slightly different,
but so similar that the there is no distinction between the two
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Power system

Gen. Line Transformer

Load
Equivalent circuit of power system
T IZ]ine IZT T
<— <— <— <—
@_NY\_{'Y‘Y‘\_{'W\ Yy
Izr
%
Y Y
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p * Primary voltage of trx must be such that
’ * delivers rated output power

* maintains rated voltage at secondary
 Due to effect of transformer impendence
* secondary voltage may vary from rated value
* Voltage variations are important to consumer

e virtually all equipment is designed for some rated voltage
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487 T0O high voltage:

* overheating ( shortening life of equipment)

« efficiency may suffer

 Too low voltage
 low power output (light, heat, mechanical power)
* drop in efficiency

* In practice:

* supply and consumer agree on tolerance of variation
*e.0. 5%
« variation governed by rules

» eg Zambian regulations / standards, ZS 387/397
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pi%y « Regulation definition:

» fractional drop of voltage from no-load to some specified load,
while keeping supply voltage constant

Vone|=Varl
‘V2NL V] =const

Reg =

Vonel=IV'2r

VoL V] =const

V] =const
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Vii—=V'ar|=0C—-0A
OC = OE
Vil—-|V'2 | = OE—0A

= AD+DE

=1'5 Rpcos@y +1'5 Xy sin@y
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_I'sRpcoser +1'y Xysingy
Vi

)

v (RT CoOS @y +XT Sil’l(DL)
1

 Define Z-and ¢+, using the impedance triangle

* (these are constant for a given trx)
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I'

Reg = v (Z cos @r cos @ + Z sin @ sin @y )
1
I'yZ
Ree="27T cos(r ~ g )
1

* Reg depends on
* trx parameters (R, X;or Z7, ¢;) and

» load conditions (/,, ¢,)

EEE 3352 / UNZA



all primary
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all secondary

From primary side

From secondary side
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Variation of Reg with load current and p.f.

I'yZr
Vi

Reg = cos(@r — 1)

 with p.f., const, Reg varies linearly with load current

Reg
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* at specified current, Reg varies with p.f., as given by fn
Reg = kreg COS((”T - ¢L)

* Max. Reg occurs when ¢, = ¢-and has value

I'yZr
Vi

Reg =

» Zero Reg occurs when ¢,-¢-= +90°
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* In terms of p.f., graph is:

R Re
P eg g
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1°2 ZTl’
! vy L2 -
V’ 2 A V’ 2 ];/‘ V; 2
VI
oL
2
W
Inductive load Resistive load Capacitive load

*eg: ¢, =60°- p.f. =0.5 (lag)

¢, = -60°— p.f. = 0.5 (lead)



Outpt power, P,

power efficiency, 77 =
Input power, P

- Pout _ P, _ Vol, cos@p
})i POI/tt + Losses V2]2 COS¢+ PF@ +122RTS€C
n=fUy,or)

EEE 3352 / UNZA



* define ratio
A= Iy =xlypy,
* x gives the function of load current

_ VZ(XIZFL)COS ?r
2
Volxly ., )cos@p + Pp, +(XIopr )™ Ry gec

7= xS, cos @y
XS,, COS @y + PFe "'XZPCuFL
S, = rated VA
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Maximum efficiency

xS,

Pr +x2P

Fe T X I'CyFL
cos @y

77:

xS, +

 denominator must be minimum
* occurs when cosg, is max.,

*l.e. cosg, =1, unity p.f.
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variable load current, x, p.f. const.
7= S, cos @y

P
S,.cos@r + xe +xPr,pr

« denominator must be minimum

P
dz(S,, CoS @y +Fe+xPCuFLj:O
dx X
P
0-— xze +PCMFL =0

2
x“Feyrr, = Pre
PCu :PFe
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* max 77 occurs when variable P, has the value of the const P,

* max 77 occurs when

P
x2 _ TFe
FeurL
P
x= Fe
FeurL
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Variation of power vs load

Power

Pip

(No load) ‘m 1 (Full cad)

(No load) 1 (Full cad)
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range
A

n vs p.f.

typical operating
" range

p.f
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Examples:

« A 220/100-V transformer has a total resistance of 2 Q and a total
leakage reactance of 3 Q both referred to the primary. The
secondary current is 10 A.

« Find the
« regulation at zero power factor lag
 regulation at unity power factor
 regulation at zero power factor lead
« power factor which gives maximum regulation
 value of the maximum regulation

« power factor which gives zero regulation



A single-phase transformer is rated at 10 kVA, 240/100 V

When the secondary terminals are open-circuited and the primary
winding is supplied at normal voltage, the input current is 2.6 A at a
power factor of 0.3 lag

When the secondary terminals are short-circuited, a voltage of 18 V
applied to the primary causes the full-load current to flow in the
secondary, the power input to the primary being 240 W.

Calculate, at full load unity power factor, the:
* regulation

 efficiency



- End of Lecture 4 -
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