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Practical Types of Transformer?

; -.:;';

N -

Imae A

Oil-immersed Distribution Transformer

I\

\\

Image D
Small Electronic Transformer

Image B
Pole-Mounted Distribution Transformer

Image E
Power Distribution Transformer
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Image C

Image F
Substation Power Transformer



45 Whatis a Transformer?

Basic idea and terminology

Definition

e A transformer has two windings that are electrically isolated but
maghnetically coupled.

e Primary winding: connected to the source.

e Secondary winding: connected to the load.

e Induced emf is proportional to the number of turns in the winding.

* Step-up transformer: Vs > V,,.

* Step-down transformer: Vg <V,

e A 1:1 ratio transformer is called an isolation transformer.
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Construction of a Transformer

Core and winding arrangement

Basic types
| Primary ’
7z 1l winding
i | _ Secondary
1111 . .
4—;-— winding Piksity S:,clz::i:ry
S, 2 winding i
2
’
I @
Shell-type Core-type

® The core is built from thin laminations of highly permeable
ferromagnetic material, such as silicon sheet steel.

e L amination thickness is typically 0.014 to 0.024 inch to reduce core losses.

e A thin varnish coating is applied to provide electrical insulation between
laminations.
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The Ideal Transformer

Turns ratio and current relation

2 )
i (0 p - P ) Voltage ratio
+ 5 ‘.; _ f 3' o + Vp _ Ny —q
[ o v, N,
v, (1) N, Ne ¢ vs (0)
\ p = D 4 : /
\_ / Ampere-turn balance
L / Np ip = Nsis
ty (£) N, N i ()
—_— @ [ ] —_—
T + Current ratio
v, (1) Vs I _Ns _1
Iy N, a
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7 é\pl Ide§l Transformer
odaeltassumptions

Equivalent concept .
Ideal transformer properties

N e Highly permeable core: only a
— . very small mmf is needed to
—>. . establish flux @.
—P . e No eddy-current loss and no
_|| * hysteresis loss.
e No leakage flux: the flux is fully
d@ ° ° °
e; = N, == confined within the core.
e, = N, Z_Q) — v, e Winding resistance is negligible.
Vi, e Npi
— = = =a
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An Ildeal Transformer Under Load

Current transformation and power balance

Loaded transformer

————&——">—7
- 1 |
F ] I
I :f i i : .+ 3 2
* T P q 1 .
i i I}
" @ fj: i D N, N, I h© Load | »
~ d 1P S 1L b -
. _ : g q I ——
|
2 Lo _J "
N1l = Nyi,
i, Ny
—=—=1a
11, N;
V1l = Valy
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99 An ldeal Transformer

Sinusoidal operation

® = P, sin wt

Important observations:

e; =N; w P, cos wt . , ,
* The induced rms voltage is proportional

E,=444fN, ®, 20° to frequency, turns, and maximum flux.

e \/oltage transformation follows the turns
E, =4.44 N, &y, £0° ratio. o

e Current transformation is inverse to the
Vl / VZ — El / EZ — N1 / N2 = 7 turns ra'FIO. .

* |n the ideal model, complex power is
I,/I;,=N,/N,=a conserved across the transformer.

V1 11* = Vz 12* or V1 11 = Vz 12
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10 ) An Ildeal Transformer

Model assumptions

Equivalent concept

o Impedance reflection rule:

2 i * An impedance moved from secondary to
primary is multiplied by a°.

e An impedance moved from primary to
secondary is divided by a°.

Z,=V,/1;=(1/a%)-(V./ 1)
, This relation is widely used to analyze
Lz=(1/2a%) 2 equivalent transformer circuits.

Zl =a2 Zz

Eng. Nael S. Dokhan



11 ) Transformer Ratings

Nameplate information and full-load valugs

A transformer nameplate specifies the voltage and apparent-power handling capability of each winding.

Example: 5-kVA, 500/250-V step-down transformer

Quick Summary

¢ Full-load apparent power rating: 5 kVA S =5 kVA

* Nominal primary voltage: V, = 500 V. Vi=500V

e Nominal secondary voltage: V, = 250 V. V2=250V
y e | [,=10A

* Full-load primary current: |, =5000/ 500 =10 A. I,b=20A

* Full-load secondary current: |, = 5000/ 250 = 20 A. a=2

* Transformation ratio:a=V,/V,=500/250 = 2.
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12 ) Example 1 — Ideal Transformer

Turns ratio, current, load power, and core flux

An ideal transformer has a 150-turn primary and 750-turn secondary. The primary is connected to a

240-V, 50-Hz source. The secondary winding supplies a load of 4 A at a lagging power factor of 0.8.
Determine:

(a) the a-ratio,

(b) the current in the primary,

(c) the power supplied to the load, and
(d) the flux in the core.

Solution
a=N;/N,=150/750 = 0.2 Finthe Gore
I,=1,/a=4/02=20A P =Eq/(4441Nq)
V,=V,/a=240/0.2=1200V P =240 /(444 x 50 x 150)
P, =V, I, cos ®,=7.21 mWDb

P, =1200 x 4 x 0.8 = 3840 W
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12 ) Example 2 — Ideal Transformer

Turns ratio, current, load power, and core flux

A generator rated at 480-V, 60-Hz is connected to a transmission line with an impedance of
0.18 +j0.24 Q). At the end of the transmission line there is a load of 4 +j3 Q.

(a) If the power system is exactly as described above in Figure (a), what will the voltage at
the load be? What will the transmission line losses be?

(b) Suppose a 1:10 step-up transformer is placed at the generator end of the transmission
line and a 10:1 step-down transformer is placed at the load end of the line (Figure (b)).
What will the load voltage be now? What will the transmission line losses be now?

e 01802  j024Q /ST O 018Q j024 0 T T joad_
== . P
') i I 10ad Z0ad
Ig Zine + Ig . Z‘"‘e 4+j30Q
V=480 £0°V Z1oad
A Vioad 4+j30Q
il Vload
V=4802£0°V

(a) (b)
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Solution of Part (a) — System without Transformers

Figure 2-6a shows the power system without transformers. Here 0 Line current
I = Ijjne = Iioaa-

\

( Figure (a)
Line 0.180Q j0.24 Q
— IVV\’ llload
IGI Zjine
4 o Zload
<_>V=48040 \% Vioad 44730
[ Results for Part (a)
Lijne = 90.8£-37.8°A
Viead = 454 £—-0.9°V
P = 1484 W

The line current in this system is given by

I line —

\'
Zline R Zload
480 £0° V
0.18Q +j024 Q)+ (4Q + 3 Q)
480 £0°  480£0°
4.18 + j324 ~ 529./37.8°

90.8 £ —-37.8° A

9 Load voltage
Therefore the load voltage is

Vicad =

Ilinezload
(90.8 Z —37.8° A)(4 Q + j3 Q)

(90.8 £ —37.8° A)(5 £36.9° Q)

= 454 £ -0.9°V

9 Line losses

and the line
P loss

losses are

= (I line)2 Rjine

= (90.8 A)% (0.18Q) = 1484 W



" (b) System with Transformers — Part 1

Refer the load to the transmission line’s voltage level (eliminate T,).

Line 0.180Q 0240
—

T
1:10
VN ——
Zline :
V=48040°V 1'
1

(a) T; eliminated (load referred to line voltage level)

Zis =
(10)* (4 + j3)

0 Refer the load to the line voltage level
Zraa = @ Zq = (10)%(4 + j3) = 400 + j300 Q
e Total impedance at the transmission line level

= 400.18 + j300.24 Q = 500.3 £ 36.88° Q

e Refer to the generator side (eliminate 77)

2
Z, =aZ = (-1—) (400.18 + j300.24)

a 10

= 0.0018 + j0.0024 + 4 + j3 = 5.003 £ 36.88°Q

0 Generator current

_ 480« 0°
5.003 £36.88°

Ic = 95.94 £ -36.88° A

= 400 + j300 Q

[ (b) System with Transformers — Part 2

Find the line current, load current, load voltage, and line losses.

line 0.18Q

— AW

I
j024Q 1071 licad

+ l’load
Zload
4+ ;3Q

Vload-

V=48020°V

e Line current (through T3)

Liine = -xﬂ Ig = - (95.94 £ —36.88°) = 9.594 £ —36.88° A
s1 10
@) 1Load current (through T5)

e ‘I—O (9.594 / —36.88°) = 95.94 / —36.88° A
S2

|

Vicad = loadZioad = (95.94 £ —36.88°)(4 + j3)
= (95.94 £ —36.88°)(5 £ 36.87°) = 479.7 £-0.01°V

0 Transmission line losses
!

Pioss = (Iine)* Riine = (9.594)% (0.18) = 16.7 W

|

Conclusion:
The load voltage is 479.7 £ -0.01° V.
* The transmission line losses are 16.7 W.
= Raising the transmission voltage by a factor of 10 reduces the line losses by
\ nearly 90%, and the voltage drop at the load is much smaller compared
to the system without transformers.




17 ) A Nonideal Transformer

What changes from the ideal model?

Real transformers are modeled by adding internal losses and voltage drops to the ideal transformer

Winding Leakage Finite Core Core
Resistances Fluxes Permeability Losses
Copper losses and Flux that links only Magnetizing current Eddy-current and
voltage drops one winding is not zero hysteresis losses
I{IJI{2 )(1,)(2 )(nl I?c

These parameters allow the ideal equations to be used with practical voltage drops, losses, and efficiency calculations.

Eng. Nael S. Dokhan



18 ) Nonideal Effect 1 — Winding Resistances

Copper resistance in primary and secondary windings

Winding resistance model
— O
R, Ry
AAA L AAA
+ + Y ~ t +
Vi Ed PM MY K& V;
. ' - a N - o
Voltage Drops
. :
V1 — E1 + R111 R, and R, represent copper resistance.

* They reduce terminal voltage under load.

Vz — E2 - Rzlz
P., = 1,°R; + [,°R,

¢ They produce copper losses and heat.
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19 ) Nonideal Effect 2 — Leakage Fluxes

Flux not linking both windings

Leakage and mutual flux Separated leakage paths
_"'@m '_""mm
P 2 I R i % R
g7 H NN 1L X N A
. ;!fﬁ"l.’\‘\{p l;kaﬁIﬂ\\ . A vd P C ‘ 1oy
~ B GRAS i Lib!'] ~ v, E D N N, C E Z, |V;
AQIBAPIHIAA AR THINA Load | V2 N - - ‘ —P - -
N ITD tI’:'2["t.IJIJ| Ny _ = >
x‘;c I )},{n’ \\\l’-{":j’f 4y 2
Y s
PAS it o2 NI
Key distinction Circuit Representation
e Mutual flux ®,, links both windings. Leakage flux — leakage reactance
* Leakage flux @, or @y, links only one winding. Primary: jX1 Secondary: sz
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20 ) Approximate Nonideal Transformer Model

Series resistance and leakage reactance

Equivalent circuit

% R,
*
» A | :
E Zi{ "
—
h
Primary Side Secondary Side

Zl=R1+jX1 Z2=R2+jX2
V1 E1 + Z]_Il Vz — Ez — Zzlz

This model is enough for many voltage-regulation and efficiency calculations when magnetizing current is neglected.

Eng. Nael S. Dokhan



21 Nonldeal Transformer Relations

Equatio n load calculatio

Ideal Core Coupling Terminal Voltages
ﬂ=1_2=&=a V1=E1+(R1+jX1)11
E, L1 N Vo =Ez - (R2+]X2) [
Ei=ak; Output power:

11 — Iz / d PO — Re{VZ 12*}
Use phasors for AC quantities. Input power:

P;,, = Re{V, 1;*}

Eng. Nael S. Dokhan



22 ) Example 3

Efficiency of a nonideal transformer

A 23-kVA, 2300/230-V, 60-Hz step-down transformer has R, =4 Q, R, =0.04 Q, X,
=12 Q, and X, =0.12 Q. The transformer operates at 75% of rated load. If the load

power factor is 0.866 leading, determine the transformer efficiency.

Circuit model

— O,

)

DN, MG

C

N
| SN+

Eng. Nael S. Dokhan

Given data

e S rated =23 kVA
oV./V,=2300/230

ea=10

e | oad = 75% rated

e pf=0.866 leading = 6 = 30°



23 ) Example 3 — Solution

Find |, and internal secondary emf E,

Solution Circuit reference
[, =(23000/230) x 0.75 @ X il x i
12=75A ) +'\/VV ’mm\:: D C ;{O‘m e B
pfleading = I, =75230° A "‘@- ) B o ) Ak

] L
L, = Ry + )X,
Z,=0.04+j0.12 Q
Refer to Primary
a=2300/230=10

E,=V,+1,7Z, E,=aE,
E, =230+ (75430°)(0.04 +j0.12) E, =10 x 228.28722.33°
E, =228.28722.33°V E, = 2282.87,2.33°V

Eng. Nael S. Dokhan



24 )Example 3 — Solution Continued

Find V,, output power, and input power

Primary Calculation
Power Calculation

I,=1,/a=754£30° /10 P, = Re{V, [,*}
[, =7.5430°A P, = Re{230 x 752-30°}
P, =14938.94 W

Pin = Re{V1 Il*}
P, = Re{2269.57824.7° x 7.52-30°}

V,=E
1= B+ iz, | P, =15389.14 W
V, = 2282.8722.33° + (7.5230°)(4 +12)

V,=2269.57824.7°V

Z1=R1+jX1=4‘+j12.Q.

Efficiency Formula

_p, _ 14938.94

Efficiency compares real output = P,  15389.14
power to real input power. N = 97.1%

= 0.971

Eng. Nael S. Dokhan



Electrical Machines

Chapter 2
TRANSFORMERS
Instructor
Eng. Nael S. Dokhan Lecture 13

MSc - Electrical Engineering

Eng. Nael S. Dokhan



26  Finite Permeability

Excitation branch in a real transformer

Excitation Current

IQ) — IC + Im
Eq
[. = —
¢ Rcl
E
[, = —
JXm1
Eq
X1 = —
"

core-loss current

magnetizing current

magnetizing reactance

Eng. Nael S. Dokhan

* Finite permeability means p is not infinite.

e A nonzero mmfis needed to establish
mutual flux.

¢ The unloaded transformer still draws a
small current.

e Excitation current has core-loss and
magnetizing components.



27  Finite Permeability

What happens as load increases?

Load current ) Source current ) Primary drop ) Induced emf ) Mutual flux
increases increases increases drops decreases
Iz T 11 T 11(R1+jX1) T E1 l dm

This is why real-transformer terminal voltage changes with load.

Eng. Nael S. Dokhan



Exact Equivalent Circuit of a Real Transformer

All main nonideal effects included

Elements

* R,, R, model copper losses.

¢ |X;, X, model leakage flux.

* R.; models core losses.

* j X1 models finite permeability.

Useful Relations

L =1,+]I
Iy=1I+1I,
Vi=Ei+ (R +jXy) 11
V,=E; - (R +jX5)I;

Eng. Nael S. Dokhan

When to Use

e Most accurate circuit for
steady-state calculations.

e Good for detailed voltage,
current, and efficiency
analysis.



29 Exact Equivalent Circuits

Referred to primary or secondary side

Viewed from the primary side Viewed from the secondary side

R 7%, 2R, jAX Ria2  jX/a X R

Referred to Secondary

Referred to Primary

Zp —referred =a* Z; Zs —referred — Z_g

Ry~ a R, Ri - R, /2 i

X, > a*X, X, > X, Ja?

v, =al,, I,=1, /a V,'=V, /a, I '=aly

Eng. Nael S. Dokhan



30 )Example 4

Efficiency with finite permeability

e Given R.1 =20 kQ and X,,,; = 15 kQ) for the transformer of Example 4.3.

¢ Find the efficiency for the same load.
From Example 4.3

Ry 24 = 7% k,
.  A—MA—  V2=230V
v,(j* ETPm me D 21 1,=75230°A
— LI T a=10
E, =228.287422.33°V
V1=2282.874£2.33°V
We now include the shunt excitation Ip =7.5430° A
Po=14,938.94 W

branch: R.; and j X,,,1

Eng. Nael S. Dokhan



31 Y Example 4

Efficiency with finite permeability

Eng. Nael S. Dokhan



32 ) Example 4 — Solution

Core-loss, magnetizing, and excitation currents

Computation Efficiency
_E; o _ P, _ 1493894 _
I, = R 0.1142£2.33° A n-= P, 1564535 0.955
E — 0
[ =—L —01522(—87.67°) 4 | = S0t
JXm1
lo =1.+1y = 0.194(—50.8°) 4
L =1,+1,= 7.53228.57° A e Including finite permeability adds a small

V, = E; + 1,Z; = 2271.924.71° V excitation current.

® The efficiency remains very close to the
previous result.

PiTL — Re{V1 11 *} — 15,64535 \\

Final Answer: n =95.5%

Eng. Nael S. Dokhan
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32 ) Approximate Equivalent Circuit

Why simplification is possible

Physical Reason Approximation

* The voltage drop across series impedance is

L L > high R
e Low core loss Igh K q small compared with applied voltage.

High ility > high X
* High permeability > high X, * Therefore, the shunt branch can be moved

* Parallel branch impedance is very high. to the input terminals.

* Excitation current is small. e This greatly simplifies circuit calculations.

Eng. Nael S. Dokhan



35 ) Approximate Equivalent Circuit

rred impedance parameters

|§\t+
I
Q
N

Approximate equivalent circuit of a transformer as viewed from the primary side.

Rez leZ
NN — 00—
>1)
+
X Z | V2

An approximate equivalent circuit of a transformer as viewed from the secondary side.

Eng. Nael S. Dokhan

Referred to Primary Side
Ze1=Re1+jXe1
Rel = R1 o asz

Referred to Secondary Side

Ze2 = Re2+]Xe2

R.2 = Ry + Ry /a?

X2 = Xo+ X1 /a?
Re2=Re1/a®, Xm2=Xmi1/a



36 ) Transformer Phasor Diagram

Secondary-side approximate equation - Lagging, unity, and leading power factor

Phasor relation Meaning Secondary-referred circuit
vV ® J isused as the ilf_, Regs JXegs i,
p_ : reference phasor. +0 MN— Y —o+
E - VS © Reqs ]s +]Xeqs1s I
® Ryl isin phase with v, R, Xin .
load current. 3 2 . s
® jXegslsleadstheload -0 | I | .
t by 90°.
current by X, R,
XeqS = 217 + X Reqs = 217 i

Eng. Nael S. Dokhan



37 ) Transformer Phasor Diagram

Phasor Diagram - Lagging Power Factor

Q |.g<

X1
<<0‘ V. eqls
R, I

L eq

1% .
7” =W R A gX

Eng. Nael S. Dokhan



38 ) Transformer Phasor Diagram

Phasor Diagram - Unity Power Factor

Vb
a

lequ

> > >

Is Vs Rqus

I, in phase with V

Vo

7 — VS i RquS +leqIS

J

Eng. Nael S. Dokhan



39 ) Transformer Phasor Diagram

Phasor Diagram - Leading Power Factor

Vo
a
lequ
I
Reqls

Vs

Vp ,
a Vst Rqus i ]Xqus I, leads V,

Eng. Nael S. Dokhan



20 )Example 5
Approximate equivalent circuit

e Analyze the transformer of Examples 3 and 4 using the approximate equivalent circuit as
viewed from the primary side. ® Also sketch its phasor diagram.

R, X a*R, ja X,

¢ Use the primary-referred approximate model: Re1, Xe1, and V,' = aV.,,.

Eng. Nael S. Dokhan



21 ) Example 5 — Solution

Primary-referred approximate model

VIQ\/ l éRcl lgjxml a’Z; ‘72’ =3V2
Equivalent Parameters Supply Voltage

Vy = aV, = 10 x 230.£0° = 2300.£0° V
et oS Vo=V 1,7
I, =75230° A

Rel — Rl e a2R2 =4 + 102 x0.04 =80 Vl = 23002£0° + 754300(8 +]24)
X1 =X, +a*X, =121+10° %012 —24'Q Vi =2269.5924.7° V
Zel =8 +]24 Q)

Eng. Nael S. Dokhan



22 ) Example 5 — Solution Continued

Excitation current and efficiency

Excitation and Total Current

I, = 2269.59.,4.7° /20000 = 0.11324.7° A P, = Re{2300£0° x 7.52-30°}
P, = 14,938.94 W

P;, = Re{2269.59£4.7° x 7.54,-28.6°}
Iy =1,+1.+1, =7.54,228.6° A P, =15,645.36 W

I, = 2269.59.24.7° / j15000 = 0.151 . —85.3° A

n =P,/ Py, =14,938.94 / 15,645.36 = 0.955 = 95.5%

Eng. Nael S. Dokhan



a3 ) Example 5 — Solution Continued

Phasor Diagram

V,=2270 V

aV, = 2300V LRy=60V

Eng. Nael S. Dokhan
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ss \Voltage Regulation

Terminal-voltage change from no-load to full-load

_>1~1
+
Q)

Common Forms Meaning
VR% = VZNI‘J/ = Vorr % 100 e V,ni: no-load secondary voltage
2FL e V,p1: full-load secondary voltage
V. — aV r . :
o7, 1 2 e Positive regulation means terminal
VR% = av, x 100 voltage drops under load.
_VL _V e Good regulation means smaller
VRY% = _4 2 % 100 voltage change.

Eng. Nael S. Dokhan



46

Transformer Efficiency

Power out, losses, and efficiency

4 N (
Transformer Equivalent Circuit
(Referred to Secondary)
a_Ip. Reqs leqs i.
NG N
v, R, 1X,
T @ A i
=0 I O —
X R,
Xeqs = X Reqs =y Ry
& 4 & Y

Eng. Nael S. Dokhan

n

Transformer Efficiency

P
1= Pol:t x100%
b ot

= L x 100%
77 out + Ploss i
- Vls €080 100w
— 0

PCu +E:ore g Vs]s COS 9



26 ) Example 6

Efficiency and phasor diagram

A 23-kVA, 2300/230-V, 60-Hz step-down transformer has R,=4 Q, R,=0.04 Q, X,=12
Q, X,=0.12 Q, Rc1=20 kQ, and Xm1=15 kQ. It operates at rated voltage and rated
load with pf =0.866 lagging. Determine efficiency and plot the phasor diagram.

Rel le]
—¢ A"AAY 7900
jrl ¢KI¢ --*..1;7:::552
+ +
‘71@ l R l JXm a’Z |V, =aV,

Eng. Nael S. Dokhan



48

Example 6 — Solution

Efficiency using referred approximate model

s

Equivalent Parameters and Input Voltage

V,=aV,=10x230/0°=2300/0° V
I,=10/=30° A

R, =R, +a’R, =4+10*x0.04=8
X =X, +a’X, =12+10°x0.12=24 ©

Z, =R, +jX,, =8+24 O

V,=V,+I,Z,, =2300/0°+10/=30°(8 + j24)

V, = 2494.93/3.8575° V

\ (l.’

j \

Eng. Nael S. Dokhan

~—

Power and Efficiency

- _ VP 2494.93°

© R, 20000
P, =311.2349 W
Pcu = 12,2 X Rel

P, =10>x8=800 W
P,,, =23000x0.866

P, =19918 W
Pout
i Pout +Ploss
19918

= 19918+3112349+800x
| 77 9472%




29 ) Example 7

Efficiency and voltage regulation

A 2.2-kVA, 440/220-V, 50-Hz step-down transformer has parameters referred to the
primary side: Re1 =3 Q, Xe1=4Q, Rc1=2.5kQ, and Xm1 =2 kQ. The transformer

delivers full load at rated voltage with pf =0.707 lagging. Determine efficiency and
voltage regulation.

Approximate circuit
Given / Required

Rel lel
— NNV 00— S=2200 VA
> 1 *1" =] b
0 P . V,/V, = 440/220

+ °
AV'I@ l R, l ijl GZZL Vé=aV2 pf =0.707 lagglng
L b - Find: n and VR%

Eng. Nael S. Dokhan



50 Example 7 — Solution

Load current and primary voltage

1 From the given data,

440 2200

a=—=2 V, =220V S =2200VA b =cpr =10A

2 For a lagging power factor of 0.707, § = —45°

Using load voltage as a reference, [, = 10/—45° A.
Referring to the equivalent circuit,

~

.
I, == = 5/=45°A

aV, = 440/0°V

Vs
3 Thus, ~ ~ ~ ,
Vi=Vy+ Ip(Rel + jX,1)
= 440 + (5/-45°)(3 + j4)
= 464.762/0.44° V

Eng. Nael S. Dokhan



51

Example 7 — Solution Continued

Efficiency and voltage regulation result

The core-loss and magnetizing currents are
464.762 /0.44°

R = 0.186/0.44° A
. 464.762/0.44° .
In= 000 " 0.232/ — 89.56° A

The current supplied by the source is
L =L +1I +1, =5/-45 + 0186/0.44° + 0.232/ — 89.56°
= 5296/ —45.33° A

The power output, the power input, and the efficiency are

P, = Re[(440)(5/45°)] = 1555.63 W
P, = Re[(464.762/0.44°)(5.296/45.33°)] = 1716.91 W

_ 1555.63 ”
n = 171691 0906 or 90.6%
The voltage regulation is
VR% = 464'720" 10 %100 = 5.63%

Eng. Nael S. Dokhan

{ n = 90.6% }
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Determination of Transformer Parameters

The open-circuit test

Open-circuit test idea

One winding is left open while the other is excited by
rated voltage and rated frequency.

For safety, this test is normally performed on the low-
voltage side.

Measured quantities

V,c :open-circuit voltage

I,. : no-load current

P,.: core loss at rated voltage
Used to determine R. and X,

Eng. Nael S. Dokhan
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54 ) The Open-Circuit Test

Equivalent branch parameters

Open-Circuit Test Setup

®
Rated
voltage
(low-voltage
side)

T —

O,

Low-voltage |
side

Formulas (Open-Circuit Test)

Voo V2
/ P

lm N ]()(.‘Sln ¢()('

Xm = V()C - V()?;'
I m QO('

b

. High-voltage
: side
,  (open circuit)

: applied (rated)

voltage at no-load

: no-load current
: core (iron) loss

: reactive power

at no-load

: core-loss resistance
: magnetizing reactance

: no-load power factor

angle

Eng. Nael S. Dokhan

Equivalent Circuit (Open-Circuit Test)

N
@
- +
Ve D) | 3 X,
=y
@
Phasor Diagram (Open-Circuit Test)
I
; >Voc

e J.is in phase with V.

e [, lags V,. by 90°.

* [,.is the phasor sum of /.
and /,, (lags V. by ¢,.).




55 9 Determination of Transformer Parameters

The short-circuit test

Short-circuit test idea

* The testis desighed to determine the equivalent
winding resistance and leakage reactance.

* Ashortcircuitis placed across one winding, and the
other winding is excited at rated frequency.

* The applied voltage is increased carefully until rated
current flows.

* For safety, the short-circuit testis commonly
conducted on the high-voltage side.

Measured quantities
V. :open-circuit voltage

I, : rated current

P : copper loss at rated current

Used to determine R, and X.

Eng. Nael S. Dokhan



56 ) The Short-Circuit Test

Series equivalent parameters

Adjust -
voltage for I
rated current @, CV) !
(High-voltage 'L
side) o
& & Low-voltage
side =3

(short circuit)

Formulas for Short-Circuit Test

Basic Formulas (High-Voltage Side) Referred High-Side Relations
Ssc - Vsc X Isc ¢sc = COS_l [_gs_c_] ReqH = RH 35 azRL
2
P V L XeqH=XH + a XL
ReqH: 12 ZeqH= ISC [leRH =I£RL
sc SE =) =
x =’\/Z2 _ R > il NH RH — a RL_()‘SReqH
ea gui =eglt N, Xy —a X, — 05X »

Eng. Nael S. Dokhan



Example 8
Equivalent circuit from OC and SC tests

The following data were obtained from testing a 48-kVA, 4800/240-V, w‘

step-down transformer:

Test Voltage (V) Current (A) Power (W)
Open-circuit test 240 2 120
Short-circuit test 150 10 600

\ J

Determine the equivalent circuit of the transformer as viewed from:
@ the high-voltage side
@ the low-voltage side

Eng. Nael S. Dokhan



58 ) Example 8 — Solution

Refer excitation branch to high-voltage side

i OC-Test Setup A 6 Equivalent Circuit 1
—""6;?/'0“ > R JXer
@ | MV 00 —o
R?tte; : — 300 SR g
:]:vj : (N Low-yoltagc| S | High-voltage Vi ,
7 sidel; e <> <V> side ll !r Jl (Ope:lgfrcuit) ll Rer Il S
* * S 0
s > 5 J
Calculations (Low-Voltage Side) Referred to High-Voltage Side
Soc = Voo X1,, =240 X2 =480 VA 4800
V2 2402 4= g~
Ry == =-7—=480 Q
= Ry=a Ry, =20°(480) =192 k@
Qoc =+/S,2 — P2 =+/480> — 120 =464.76 VAR
2 2 2 _ An2 .
¥ =Y _ 240 _ a4 0 X o =a*X,, =20%123.94) = 49.58 kQ

" 00 464.76

Eng. Nael S. Dokhan



59 ) Example 8 — Solution Continued

Approximate split between transformer windings

Equivalent Circuit

W
J
~ 000
= —> ___ANA——B60
Adjust voltage VaTI r
for rated current - : 3
(High-voltage () |
side) I Vel ™\
S @ Low-voltage side =

(short circuit)

Separated Winding Parameters

Equivalent Parameters

P, 600 p e
ReqH:E=l—02—=6Q _ Turns ratio: a 20)

V 150 RH = O-SReqH = 05 X 6 = 3 Q
ZeqH = = =" = 15 Q

e 0 Xy = 05X, = 0.5% 1375 = 6.88 Q
XeqH = \/quH - chqH = a/152-6% = 13.75 O 0 SReqH 0556

- R, = — = — = 0.0075 Q 7.5 mQ
ReqL = Ra‘é” = 2(6)2 = 0.015Q or 15 mQ L a’ 20?2 Lal o H
0.5X 0.5 x 13.75

Xegn  13.75 o~ 44 _

XegL = a‘; = om 0.034 Q or 34 mQ Xy i 202 0.017 Q or 17 mQ

Eng. Nael S. Dokhan
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Example 8 — Solution Continued

High-voltage and low-voltage referred models

High-Voltage Side Equivalent Circuit ) { Low-Voltage Side Equivalent Circuit
6Q i13.75 Q | 15 mQ j34 mQ
192 kQ j49.58 kQ 480 Q 7123.94
|
@ L ® | ® ®

Complete Equivalent Circuit

30 j6.88 Q j17 mQ 7.5 mQ
—AA—TT BT —AAM—
LS
192 kO j49.58 kQ, |
| I
L Nl 3 N2 _!
® ®
High-voltage side Low-voltage side

Eng. Nael S. Dokhan
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62 Example 9

The equivalent circuit impedances of a 20-kV A, 8000/240 V, 60-Hz
transformer are to be determined. The open-circuit test was performed

on the secondary side of the transformer (to reduce the maximum voltage

to be measured) and the short-circuit test was performed on the primary side
of the transformer (to reduce the maximum current to be measured).

The following data were taken:

Open-circuit test
(on secondary)

Short-circuit test
(on primary)

‘/k)(? - :Z“() ‘V’

‘/S(j _— ‘45;5) Vv
ISC =25 A
PSC = 240 W

Find the impedances of the approximate equivalent circuit referred to the

primary side, and sketch that circuit.

Eng. Nael S. Dokhan




63 ) Example 9 — Solution

o The turns ratio of this transformer is a = 8000/240 = 33.3333. The power factor during the
open-circuit test is

Poc
PE =«¢0s 8 =
Vocloc

400 W
(240 V) (7.133 A)

PF = 0.234 lagging

PF = cos @ =

e The excitation admittance is given by

/
Yp = >= /—cos~! PF
Voc

7133 A _1
Yp = 40V £ —cos ' 0.234

Yz = 0.0297 £/ —76.5°S
1 1

Yg = 0.00693 — ;0.02888 = R_C wsis) E

9 Therefore, the values of the excitation branch referred to the low-voltage (secondary) side are

Rc=f1——=l44ﬂ ] LXM=W218§=34.63Q J

Eng. Nael S. Dokhan
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Example 9 — Solution Continued

1 1. Short-Circuit Test Caicuiations

The power factor during the short-circuit test is The series impedance is given by
V.
P — SC -1
PR c080 = sC Zsg Loc Zcos  PF
Vsclsc
Zo — 489V =
240 W X SE = 25A.478.7
PF = cos 6 = 480 V) (2.5 A = 0.196 lagging .
( PO Zsg = 195.6 £78.7° = 38.4 + j192 Q

2. Equivalent Resistance and Reactance (Referred to High-Voltage Side)

Therefore, the equivalent resistance and reactance referred to The resulting simplified equivalent circuit referred to the
the high-voltage (primary) side are high-voltage (primary) side can be found by converting the
excitation branch values to the high-voltage side.
R,=384Q X,=192Q Rep = @ Res = (33.333)% (144 Q) = 159 kQ

Xpyp = @ Xps = (33.333)*(34.63 Q) = 38.4kQ

3. Simplified Equivalent Circuit (Referred to High-Voltage Side)

s Roo JXeq L
—_— e

ll 38.4 Q Jj192 Q

+
Ih + e l
vy R, 3 FXoy aVy
159kQ D j38.4kQ

O I Q=

Eng. Nael S. Dokhan




65 ' Example 10

A 15-kVA, 2300/230-V transformer is to be tested to determine its excitation
branch components, its series impedances, and its voltage regulation. The following
test data have been taken from the transformer.

(a)
(b)

(d)

Open-circuit test Short-circuit test
(low voltage side) (high voltage side)

Voc = 230 V Vsc = 47V
Ik)(j - :Z.l IAl A‘g(j - (5.()Af\
Poc = 50 W Psc = 160 W

Find the equivalent circuit of this transformer referred to the high-voltage side.
Find the equivalent circuit of this transformer referred to the low-voltage side.

Calculate the full-load voltage regulation at 0.8 lagging power factor, 1.0 power
factor, and at 0.8 leading power factor using the exact equation for V.

What is the efficiency of the transformer at full load with a power factor of 0.8
lagging?

Eng. Nael S. Dokhan



66 H Example 10 — Solution Part (a)

Equivalent Circuit Referred to the Primary Side

o Turns Ratio e Open-Circuit Test (Excitation Branch)

e Short-Circuit Test (Series Branch)

2300 . Open-circuit impedar;)ce angle: . Short-circuit impectmce angle: "
9= 530 T 10 Ooc = cos™! <T/()—:;;)—C) = COS—I<—23_0><_27> = 84° fsc = cos™! (VSCSZC> = cos"(m) =554°
a=10 Excitation admittance' Equivalent series impedance (referred to secondary):
Y = Eé( 84°)-%64 —84° S ng—vscéosc——4554°
Ve = 0.00913 £—84° S = 0.000954 — j0.00908 S Zer = 7_3833 £554° Q) = 445+ j6.45 Q)

Excitation branch referred to the secondary:

| |
R = = l Q [ ——
S ™ 0.000954 (Y Xm.s 0.00908

o Convert Excitation Branch to Primary Side Simplified Equivalent Circuit Referred to te Primary Side

Rep = @ Reg = (10)%(1050 Q) = 105 kQ

) : hyte| j6.45Q
XM.P — ) | XM.S — (10) (110 Q) =il kQ Vp RC § _/XM aVs
105 kQ J11kQ

RC_.P = 105 kQ XM.P = ll kQ o

Series elements referred to the primary side:

= 1100 Regp = 445Q Xoqp = 6450

Eng. Nael S. Dokhan



67  Example 10 — Solution Continued Part (b)

Equivalent Circuit Referred to the Low-Voltage Side

Method Equivalent Impedances (Referred to Low-Voltage Side)

To find the equivalent circuit referred to the
low-voltage side, it is simply necessary to

divide the impedances by a?, where Rc = 1050 © Req = 0.0445 Q
N
a= Nf =10 Xy = 110 O Xeq = 0.0645 Q

Thus, each impedance on the high-voltage side
is divided by a? to obtain the low-voltage
referred values.

Simplified Equivalent Circuit (Referred to Low-Voltage Side)

aIp Req.s leq.s IS
i ——— ININI RN —o +
e | al, 0.0445 O j0.0645 Q
V,
e R iX |
a —<£ =1050 Q j;":_jll()Q Vs
as a*

Eng. Nael S. Dokhan



68 ' Example 10 — Solution Continued Part (c)

(c) Transformer Secondary Voltage and Voltage Regulation

0 Rated Secondary Current
Srated o 15,000 VA

Is,rated — Vs,rated - 230 V =652 A

e Phasor Voltage Calculation (0.8 Lagging Power Factor)
At PF = 0.8 lagging, current /g = 65.2 £ —36.9° A.

v, :
Use =l bR L ATE

Substituting the values:
v
7” = 230£0°V + (0.0445 Q)(65.2 £ —36.9° A) + j(0.0645 Q)(65.2£ —36.9° A)

=230£0°V +2902£-369°V + 421 £53.1°V
= 230 + 2.32 — j1.74 + 2.52 + j3.36
= 234.84 + j1.62 = 234.854£0.40° V

9 Voltage Regulation

The resulting voltage regulation is yR —

Vp,/a =V,
p r S o 100% Voltage Regulation = 2.1%

= 234.852;/0—v 230V . 100% = 2.1% at 0.8 lagging PF /

Eng. Nael S. Dokhan



69 ' Example 10 — Solution Continued Part (c)

Phasor Diagram at 0.8 Lagging Power Factor

V,

£=2349204°V

~ V, =230 £0°V

JXeqls =4.21£53.1°V
Regls =2.9 £-36.9°V

I, =652 £ -369°A

Eng. Nael S. Dokhan



Example 10 — Solution Continued Part (c)

Voltage Regulation at Full Load (Unity Power Factor, PF = 1.0)

At PF = 1.0, the load current is in phase with the voltage: Phasor Diagram (PF = 1.0)
I, =652 £0° A
) V. ) Yzz =232.94 £1.04°V
Using ES = Vs + Regls + jXeqls: /a
v 3
—“P — 230 £0° + (0.0445 Q)(65.2 £0°) + j(0.0645 Q)(65.2 £0° Xeqls
- ( ) ) + J( ) ) R =421 £90°V
= 230 £0° + 2.90 £0° + 4.21 £90° Vs =230 £0°V Reqls
=290.0°V
= 230 4+ 2.90 + j4.21
= 232.94 + j4.21
= 23294 £1.04°V
Voltage Regulation
Lf’l—Vsﬂ 23294V —230V
VR = | ¢ ’ x 100% = : x 100% = 1.28%
Vq,ﬂ 230V

Eng. Nael S. Dokhan



71 ) Example 10 — Solution Continued Part (c)

Voltage Regulation at 0.8 Leading Power Factor

o Calculate the sending-end voltage
At PF = 0.8 leading, current I = 65.2 £36.9° A. Therefore,

Yo
a

230 £0° V + (0.0445 2)(65.2 £36.9° A) + j(0.0645 €2)(65.2 £36.9° A)

= 230£0°V + 2.90 £36.9°V + 4.21 £126.9° V
= 230 4+ 2.32 +71.74 — 2.52 4 §3.:36
= 229.80 + j5.10 = 229.85 £1.27° V

e Calculate the voltage regulation

The resulting voltage regulation is

229.85V —230 V
VR = 330V X 100% = —0.062%

[ Voltage Regulation = —0.062% ]

Eng. Nael S. Dokhan



72 ) Example 10 — Solution Continued Part (c)

Phasor Diagram at 0.8 Leading Power Factor

I, =652 /36.9°A Vo _ =229.8/1.27°V
a 4 21 £1269°V

230 £0°V

Eng. Nael S. Dokhan



73 ) Example 10 — Solution Continued Part (d)

Transformer Efficiency at Full Load (0.8 Lagging PF)

ﬁa Copper losses h
Pcyu = (Is)’Rg; = (65.2 A)?(0.0445 Q) = 189 W
- J
rg Core losses 1
B (Vp/a)? ~ (234.85 V)?
I Peore = Re  — 10500 =~ 25W )

= —
e Output power at this power factor
POllt — VS IS COS 9

" = (230 V)(65.2 A) cos 36.9° = 12,000 W o

ro Efficiency

B Vs I cos @
1= P %P, + V.lcosd  100%
, 12,000 W —_—

189 W + 52.5W + 12,000 W

| 7=98.03% |

Eng. Nael S. Dokhan
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The Autotransformer

One winding is electrically interconnected

Key points
Two transformer windings are connected
electrically.

Energy transfer occurs by conduction and
magnetic induction.

Lower first cost than a two-winding transformer of
similar rating.

Can deliver more kVA for the same physical size.

Often more efficient and needs lower excitation
current.

Eng. Nael S. Dokhan

Advantage

Higher kVA rating for the same core
and copper.

Limitation

No electrical isolation between
source and load.

Use autotransformers when isolation is not
required and voltage change is moderate.
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Autotransformer Connections

Four basic connection possibilities

(

(a) (v; + V) / V, step-down connection. R 6

> Ila

(b) Vv, /(V; + V,) step-up connection.

> 12a

s
+ + + 9
E, N, ~ _
_ = —T, — Ta *
. ~ —
Via A = : ; 2] 7.
152 .fVé Iii!!l ‘<2a i;ia
- - - -~
> 2
(c) (v, + V,)/V, step-down connection. N (d) v, /(V; + V>) step-up connection.
—T,, )
e .
+ + + 9
E, ol B S
» - —_— 0, — I, id
e > >
Via + e + + + Vaa
E, N, Zla Vaa i;la
- = = >
- XN

Eng. Nael S. Dokhan




77 ) Autotransformer a-ratio

Voltage relation for connection (a)

Autotransformer
Connection

——b]la

(a) (V| + V3) / V; step-down connection.

e Voltage Relations ‘

Via =E1q =E| +E,

Vog = Ey, = E)

& - Ela - E] + E2
V2a E2a E2

Vla N] +N2

—_— =1 —
Vo N, +a=a,

M
-

(turns ratio)

Eng. Nael S. Dokhan

9 Current Relations

(N, + N3)I,, = N,1I,,

I N,+N

22 =1 2=1+a:a,
Ila N2

Soa = V2a12a




78 ) Autotransformer a-ratio

Voltage relation for connection (a)

( f
O Apparent Power Relation e Power Transfer Interpretation

Voa —"V2
a—+1 1

[2a=ar[1a=(a+1)[1a Soa=V2[2( a )=SO|:1+Z:|

Lyn =0y

Soq = Voli(a+1) S, = power transfer through induction

S — Wl (a =+ 1) = @ 1] L S_O — power transfer through conduction

oa | a o a a

. 7 J

Note:

® Part of the power is transferred inductively (S,).

® A larger portion (STO) is transferred conductively through the
common winding.

® Therefore, an autotransformer is more economical and smaller
than a two-winding transformer of the same rating.

Eng. Nael S. Dokhan



79) Example 11

24-kVA distribution transformer as an autotransformer

A 24-kVA, 2400/240-V distribution transformer is to be connected as
an autotransformer. For each possible combination, determine (a)
The primary winding voltage (b) The secondary winding voltage (c) The
transformation ratio (d) The nominal rating of the autotransformer

4 Given )

For the original two-winding transformer:
V1=2400V, V=240V, So=24kVA, I,=10A, I;=100A

Eng. Nael S. Dokhan
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Example 11 — Solution

24-kVA distribution transformer as an autotransformer

E, S M
o s _—>i2a
Vla Ela
-+ @ + . 2
Ez N, E2a ZLa ‘72a
[ 4

(a) (V] + V) / V; step-down
connection.

-

Calculations

V,, = E, + E, = 2400 + 240 = 2640 V

V2a — 24OV
Vla 2640
A= =

Soa = VZaIZa = Vla Ila

S,q = 2640* 10 = 26400 VA = 26.4 kVA

r Result:

26.4 kVA, 2640/240-V

~

Eng. Nael S. Dokhan




81 Example 1 1— Solutlon Contlnued

24-kVA distributio nsforme utotransforme

il Calculations
. Vie = E, =240 V
- M QE . V,, = E, + E, = 2400 + 240 = 2640 V
o« lia ) 21| 4 Vie 240
" X 5 fiy = o e 001
e N2 Ez Soa = Vaalra = Vaa I
. _ S,, = 2640* 10 = 26400 VA = 26.4 kVA
(b) V2/(Vi + V) step-up Result: |
CRENCCIDN.  26.4 kVA, 240/2640-V

Eng. Nael S. Dokhan
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Example 1 1— Solutlon Contlnued

24-kVA distributio nsforme utotransforme

Y Ila
@
+ + L@
E, 23N>
- - —>12a
Vla
£e &
I A
El Nl La
@

(c) (V1 +V,) / Vi step-down
connection.

Calculations
V,, = E, + E, = 2400 + 240 = 2640 V
V. = E =400V

Vie 2640

V..~ 2400 !

aT:

Soa = V2a]2a == Vla 12

Soa = 2640*100 = 264000 VA = 264 kVA

>

hResult:

264 kVA, 2640/2400-V

Eng. Nael S. Dokhan
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Example 1 1— Solutlon Contlnued

24-kVA distributio nsforme utotransforme

—>12a
@
ok
N2 Ez
_’Ila ik
&
= +
Vla Nl El
@

(d) Vi/(V1 + V3) step-up
connection.

Calculations
V,, = E, =2400 V

Vie 2400

V..~ 2640 = (.91

aT=

Soa == VZaIZa = ‘lla 12

S, . = 2640 * 100 = 264000 VA = 264 kVA

»

| Result:

264 kVA, 2400/2640-V

Eng. Nael S. Dokhan




84 ) Example 12

-

=,

A 100-VA, 120/12-V transformer is to be connected so as to form a step-up
autotransformer (see figure). A primary voltage of 120 V is applied to the transformer.

(a) What is the secondary voltage of the transformer?
(b) What is the maximum voltampere rating in this mode of operation?

(c) Calculate the rating advantage of this autotransformer connection over the
transformer’s rating in conventional 120/12-V operation.

Iy

—_

O +

j\ﬂgig("“ 1:2)

V=120 £0°V N (~120) /

Eng. Nael S. Dokhan



85 ) Example 12 — Solution

For a step-up autotransformer,

V. Ngrg + N
H NC 15
12 + 120

(a) Secondary Voltage (c) Rating Advantage

The series winding voltage is
12 V and its rating is 100 VA,
so the maximum series
winding current is:

_ 100 VA

I SE,max —

= 8.33 A

Since I = I = Iy and
‘<§ — ‘/k{ — 1:3:2 ‘Vﬁ

Sout = VSIS = VHIH
— (132 V)(8.33 A)

[ Sout = 1100 VA ]

Eng. Nael S. Dokhan

The rating advantage is:

Sio _ 1100 VA _

Sy 100 VA

Also,
Sio _ Nsg + N¢
Sw Ngg
132
= —= — 1]
12

11

The apparent power rating
is increased by a factor of 11.
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87 ) Three-Phase Transformers

Why they are used in power systems

Main concepts

Power is generated, transmitted, and consumed mainly in three-phase form.

A three-phase transformer may be built from three identical single-phase
transformers.

For economy, all six windings are usually placed on a common magnetic core.

The common core can be core-type or shell-type.

Shell-type construction usually has less waveform distortion than core-type
construction.

Either side may be connected in wye (Y) or delta (A).

Eng. Nael S. Dokhan



Three-Phase Transformer Construction

Core Type Shell-Type
A, \
® & p AZ \
EE A, ==t B, : C, % Primaries :q—
- } . =, Primaries
Secondanes§ 5 1
o © S .
3 /12 [32 L (?2 S d i
1_—_’ _ } econdaries \ - / /
¥ Vs
\ G, /
b,
Windings on separate limbs Windings on central limb
\ J

Eng. Nael S. Dokhan



g9 ' Three-Phase Transformer Connections

Y-Y connections

Three-phase transformer with both primary and secondary windings in star (Y)

4 N
Three-Phase Transformer Connection (Y-Y)

To three-phase source

@ = r - o
Y'Y . » Neurral
Connection 4, B, c,
Both primary and ¢ ® ®
secondary windings
. e e L
are connected in
star (Y). A, B, C,
\ J ] Neutral
— =/
—~

To three-phase load

Eng. Nael S. Dokhan



90 ' Three-Phase Transformer Connections

A-A connections

Three-phase transformer with both primary and secondary windings in delta (A)

@ M
Three-Phase Transformer Connection (A-A)

To three-phase source

A-A
Connection

Both primary and
secondary windings
are connected in
delta (A).

To three-phase load

Eng. Nael S. Dokhan



91 » Three-Phase Transformer Connections

Y-A connections

Three-phase transformer with primary windings in star (Y) and secondary windings in delta (A)

s N
Three-Phase Transformer Connection (Y-4A)

To three-phase source

@ ) - - )
c Y-%t. " Neurtral
onnection A, B, C,
Primary windings are b ¢ *

connected in star (Y),
while secondary
windings are
connected in delta (A).
S >

To three-phase load

Eng. Nael S. Dokhan
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Three-Phase Transformer Connections

A-Y connections

Three-phase transformer with primary windings in delta (A) and secondary windings in star (Y)

.

A-Y
Connection

Primary windings are
connected in delta (A),
while secondary
windings are
connected in star (Y).

-/

Three-Phase Transformer Connection (A-Y)

To three-phase source

To three-phase load

N

Eng. Nael S. Dokhan



93 ) Analysis of a 3-Phase Transformer

Per-phase equivalent circuit approach

ﬁeful relations \

Under steady state, a 3-phase transformer 7

behaves like three 1-phase transformers. Ly = 3

Assume identical phases, balanced load, V;

and sinusoidal waveforms. Von = ﬁ

Analyze one phase, then infer the other Ly =1 (Y Connection)
phases by symmetry. Qph =, ( A Connection) /
Use the per-phase equivalent circuit for

calculations. / ore s mote ™
Delta-connected windings can be converted There may be a +30° phase shift

to equivalent wye windings. depending on the Y/A connection.

o v

Eng. Nael S. Dokhan
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Example 13

Three single-phase units connected as a three-phase transformer

A three-phase transformer is assembled by connecting three 720-VA, 360/120-V,
single-phase transformers. The constants for each transformer are Ry = 18.9 Q,
Xg=216Q,R; =21Q,X; =249, Ry = 86.4KkQ, and X,,y = 6.84 kQ. For each of the
four configurations, determine the nominal voltage and power ratings of the three-phase

transformer. Draw the winding arrangements and the per-phase equivalent circuit for each
configuration.

Total Rating Given per single-phase transformer
720 VA, 360/120V
53¢ = 3 X 720 = 2160 VA R =1890, Xiyp—2160
S3p = 2.16 kVA RL=21Q, X, =240Q

R.y = 86.4KkQ, X,y =6.84kQ

Configurations: Y-Y, A-A, Y-A, A-Y

Eng. Nael S. Dokhan
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Example 13 — Solution

Three single-phase units connected as a three-phase transformer

.

For Y-Y connection

Vi, =3 x 360 =623.54V
Vo, =v3 x 120=207.85V

The nominal ratings are

2.16 kVA, 624/208 V, Y-Y connection

-’

.

For A-A connection

VIL — 360 V
Vo, =120V

The nominal ratings are

2.16 kVA, 360/120 V, A-A connection

~

=

For Y-A connection

ViL =360 x/3 =624V
V2L = 120 Vv
The nominal ratings are

2.16 kVA, 624/120 V, Y-A connection

~

>

7~

.

For A-Y connection
VIL — 360 V
Vo, =120 x /3 =208 V
The nominal ratings are

2.16 kVA, 360/208 V, A-Y connection

Eng. Nael S. Dokhan
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Y-Y connections

(a) Winding arrangement, phase and line voltages.

; 189Q j21.6Q

8.64 kQ /684 kQ

360V/120V
a=3

(b) Per-phase equivalent circuit.

Eng. Nael S. Dokhan
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A-A connections

Eng. Nael S. Dokhan



98 ) Example 13 — Solution Continued

Y-A connections

L

(a) Winding arrangement.

64 kQ S j6.84 kQ

360 V/szn v

a=5196

(c) Per-phase equivalent circuit

Eng. Nael S. Dokhan



Example 13 — Solution Continued

A-Y connections

(a) Winding arrangement.

(c) Per-phase equivalent circuit.

Eng. Nael S. Dokhan
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Example 14

Three single-phase transformers forming a Y-A step-up transformer

Three single-phase transformers, each rated at 12 kVA,
120/240 V, 60 Hz, are connected to form a three-phase,
step-up, Y/A connection. The parameters of each
transformer are R;; = 133.5 mQ, X,; = 201 mQ,

R; =39.5 mQ, X; = 61.5 mQ, R,; = 240 Q, and

X,,; = 290 Q2. What are the nominal voltage, current, and
power ratings of the three-phase transformer. When it
delivers the rated load at the rated voltage and 0.8 pf
lagging, determine the line voltages, the line currents,

and the efficiency of the transformer.

Eng. Nael S. Dokhan



102 ) Example 14 — Solution

For each single-phase transformer with a power rating of 12 kVA, the primary (120-V side) and the secondary (240-V side)
currents are 100 A and 50 A, respectively. Nominal power rating when the three transformers are connected to form a
three-phase transformer is 36 kVA. The other nominal ratings of the three-phase transformer are tabulated below.

i For the actual Y/A connection ] i For the equivalent Y/Y connection ]
Primary B Secondary ‘ Primary Secondary \
Phase voltage | 120V | 240 V ' | Phasevoltage | 120 V 138564V |
| Line voltage 208 V | 240 V Line voltage 208 V | 240 V |
Phase current | 100 A 50 A " Phase current | 100 A 86.6 A
Line current 100 A | 86.6 A ' Line current | 100 A | 86.6 A
39.5 mQ j61.5 mQ j67mQ  44.5mQ

i — IlA iI
Vin @ 240 O

Per-phase equivalent circuit for the Y/Y connection

Eng. Nael S. Dokhan



103 ) Example 14 — Solution Continued

T . _ : D
o Load Voltage, Load Current, Turns Ratio, and Primary Current
e Assuming the rated load voltage on a per-phase basis for the equivalent Y/Y connection
as the reference, then ‘72" = 138.564/0° V
e For a 0.8 lagging power factor, the load current is I,, =866/ -3687° A
. . . 120
e The a-ratio of the equivalent Y/Y transformer is - =
q a = T3e5ea 0.866
e Thus, from Eq. (4.45), the per-phase current in the primary winding is 1"¢A _ 86.6/-36.87° 5 = 100 /687 A
9 0.866 !
( - - . - \
9 Per-Phase Voltage Induced in the Equivalent Y-Connected Secondary Winding
e The per-phase voltage induced in the equivalent Y-connected secondary winding is
E,, =V, +1,,(0.0445 + j0.067)
= 138.564 + (86.6 / —36.87°)(0.0445 + j0.067)
= 145.147 /0.92° V
. P
- - - -
e Induced Emfs in the Actual A-Connected Secondary and Y-Connected Primary Windings
® The induced emf in the actual A-connected secondary winding is
E, =V3E, /30°=2514/3092° V
® The induced emf in the Y-connected primary winding, from Eq. (4.44), is
L E, =aE, /30° =1257/3092°V 4

Eng. Nael S. Dokhan
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Example 14 — Solution Continued

" o Primary-side per-phase current and voltage

We can now compute the per-phase current and voltage on the primary side of the Y-connected transformer as
= = - 1 1
fia = Tps + Er [240 * j290]

100 /—-6.87° + (125.7 £30.92°) [ 2‘]10 + j2l90 ]

I 4 = 100.68 /-6.88° A
. = E,, + (0.0395 + j0.0615) I, 4

125.7 £30.92° + (0.0395 + j0.0615)(100.68 /—6.88°)
Vip = 132.66 £/31.98° V

@ Line voltage on the primary side

Hence, the line voltage on the primary side is ‘711, -3 Vln /30°

= 229.77 /61.98° V
@ Total power and efficiency

Total power supplied by the three-phase transformeris P, = 3 Re [138.564 x 86.6 £36.87°]

28,800 W  or 28.8 kW
Total power supplied by the three-phase source to the transformer is

I

P, = 3 Re [(132.66 £31.98°) (100.68 £6.88°)]

~ 31, 200W or 31.2 kW

28.8

Hence, the efficiency of the three-phase transformer is M= a5m = 0923  or

92.3%

Eng. Nael S. Dokhan
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Chapter 2 Summary

Transformer models, tests, and three-phase connections

Core concepts
Ideal transformer: V ratio follows turns ratio.

Nonideal transformer: winding resistance,
leakage reactance, finite permeability, and
core loss.

Exact and approximate equivalent circuits
simplify analysis.

OC and SC tests determine equivalent-
circuit parameters.

Voltage regulation measures terminal-
voltage change under load.

Eng. Nael S. Dokhan

Applications covered

Autotransformer connections and
rating gain.

Three-phase transformer connection
choices: Y=Y, A-A, Y-A, and A-Y.

Per-phase equivalent circuit
approach for balanced three-phase
transformer systems.
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Thank you
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