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Lesson 10: Transformer

Performance and Operation
ET 332b Ac Motors, Generators and Power Systems

Learning Obijectives

After this presentation you will be able to:

» Define transformer voltage regulation and compute its
value

» Convert impedance values into per unit or percent
values based on transformer rating or other given
values

» Perform calculations using the per unit system

» Convert per unit/percent values into circuit values

» Compute transformer circuit parameters from test
values.




Transformer Voltage Regulation

Definition: Difference between output voltage at no load and
output voltage at rated load divided by rated voltage

‘VNL‘ — ‘VR ‘

%VR :( J-lOO%

[Vel

Note: all
voltages are
magnitude only

Where V; = rated output voltage
Vi = full load output voltage

Also given in "Per Unit" - fraction from 0 - 1.0

Lower values of regulation are better. Indicates that there is less voltage drop
across the transformer.

Negative regulation is possible. Indicates voltage rise across transformer. ( due
to leading p.f. load)

Voltage Regulation Circuit Model

Voltage regulation found through calculation that uses the total winding
impedance

@qLS
? gﬂmgﬂ] Lood
E V,
To compute %VR  Ejg =15 Z, s+ Vs %VR = M -100%

Vi

Where: V|5 = rated low side voltage (switch closed)
E.s = no load low side voltage (switch open)
I s = low side load current at specified PF
Z, s = total winding impedance referred to L.V.side
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Transformer Voltage Regulation

Example 10-1: A 500 kVA 7200 - 2400V single-phase
transformer is operating at rated load with a power factor
of 0.82 lagging. The total winding resistance and reactance
values referred to the high voltage side are R, = 0.197 and
Xoq = 0.877 ohms. The load is operating in step-down mode.
Sketch the appropriate equivalent circuit and determine:

a) equivalent low side impedance

b) the no-load voltage, E ¢

c) the voltage regulation at 0.82 lagging power factor
d) the voltage regulation at 0.95 leading power factor

Example 10-1 Solution (1)

a) Refer impedances to low voltage side of transformer

Res, X,

, Do o = 2oy
\Vp  Tzodv sk A \’{e"p“ or
= —= oo -Q@ < O-197sL 0877 s

Vs QY o' Ty

:
mr’l.aiuso.oal*ﬁn X&lmiq.o“&‘m Rm

b) no-load secondary voltage
E ;= voltage required to supply rated power at rated voltage so..
= T - P
S y s Staded = 590 030VA
T\ § E E o [\] > Sreded 2 VT
L
B - 1z :(Ls Vs \F AoV

+ = 500, 0yl
s Zgmv

= 208.34
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Example 10-1 Solution (2)

Determine the phase angle on the current using the power factor

= e - = =
&= Cos(R) Er TReut Vs

B: e 0.82) >34° _
C/ M= 2am0 /8 \/

Lagging F, means
negative angle

_‘é t&:O_G-Z_LU}%-&rO.DqF?q- S
- A
g_ws_ 0.0M8 /113

Fu= (2013 f342 Yo.0908/m3) + 19w £V
E.LSJ 20.PS /2.4 * za0s/0°
E= 2415 .38

Example 10-1 Solution (3)

c) Compute the percent voltage regulation for 0.82 lagging power factor

For, F‘P*«O,BZ LC\tji‘lr\j we ¢ from pm‘éb

[ELS = !v l o
OVR = ———l——f-im% {24 45—2450\’)!00"/’
M bRz “gev 1

PR = 0.L4Z2Y,

d) Compute the percent voltage regulation for 0.95 leading power factor

—I - o —
= Cos (035} =482 I ,72083/i182° A

\75‘- 2400 /8 V g
Loading

Compute the no-load voltage
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Example 10-1 Solution (4)

E,= (2083 [I62) (078 (213) * 2300 /6"

[ARELR [955°+ 2400/
/ No-load voltage is
_EL‘:: 2349% ,1_'0-‘5-u smaller thanV,

Compute regulation
[2298 5 |~| 290/

Q/QVIQ-: qum)E! Xlﬁh/i
Negative %VR
%up = 3943 —}J}E\‘) Jos’/, indicates LC
H o\ resonance in
transformer/load
OfR = - 0-319 Y2 combination

Per Unit and Percent Impedance of
Transformers

Zlnad

} IDEAL TRAMSFORMER

ra
in

Equivalent circuit calculation requires knowledge of turns ratio and
reference of impedance values from one side to other. Per Unit system
is normalization scheme that removes the effect of turns ratio from
power system calculations.

Transformer manufacturers list impedances for transformers using
Per Unit or Percent impedance method
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Per Unit and Percent Impedance of
Transformers

‘ Per Unit impedance calculation needs base quantities ‘

Per Unit Method
Define base power and voltage. Compute base Z and | from these

quantities. Divide actual impedances. voltages and currents by bases to

get per unit values

For transformers

S. =S Base power defined as the rated power of the
base rated - :
electrical device
Visse = Viareg | Base voltage defined as the rated voltages of the
transformer

Per Unit Computation Method

Computing Per Unit (percent) bases

| _ Sbase 7 _ Vbase Z (Vbase )2

base base — or base —
Vbase I base Sbase

Resistance, reactance and impedances can now be divided by Z,, . to
get per unit values based on transformer rated power and voltage.
Multiply per unit by 100 to get percent impedance.

Zact X t R t
— X = act R acl
z ez 4

pu
Zbase base base

Where: Z, . = device impedance in ohms
R, = device resistance in ohms
X,c = device reactance in ohms
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Per Unit Calculations

Per Unit (percent) impedances and components also
add as vectors

pu

. X
Zpu:Rpu+J'Xpu ‘Z =./R 2+X 2 O:tanl[Rp“j

pu pu
pu

Other p.u. quantities

| — I act P — Pact
" s
base base
V — Vact Q — Q act
pu V pu S
base base

Ohm’s law and all other circuit theorems are valid for p.u.
impedances, voltages, currents and power

Per UnitValues of a Transformer

Example 10-2: The equivalent circuit above is for a single phase 25
kVA 7200 - 240 volt transformer. The parameters have the following
values:

R,=140Q X,;=025Q R =0.11Q X,=3200Q

R = 19,501 Q@ X =5011Q

Convert these values to per unit values based on the current and
voltage ratings of the primary and secondary of the transformer.
Draw the equivalent circuit with the per unit values labeled.

"load R I,

z\nﬂd

} IDEAL TRANSFDRMER

Z
in
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Example 10-2 Solution (1)

SelectV,,.=7200V and S,,..=25 kVA for primary side

e . \‘ffcﬁ 2y - Y.l‘“.ie-_ .
base” Slase, ‘-‘Lﬁg‘z “tbqse 42{ [5,:3: 3497A
2 o Slase
b - (3200)_ N — - LoV
Clisse 25.0vA = \I'Lq;*' gi:ng A 2373.052

- - VA
5 o T 2500
& 7072.4 ST =Y

Divide all actual values located on primary side by Z,

Re |43 Xjp =~ D252
— - - 0'\] p
K 20342 X e 2 206

PP £
o -4 4
IQPPQ_ GISLX 15 ' pPU Xlwf L2ix10tpw «

2

Example 10-2 Solution (2)

X 5011 s - Qg?_ I A
27 Lmkx epid " il
Knpw Bume WBEZ . epi Zpge ©
erpk: 2417 pu @ ,_re?u—,-q,qml- Pl
Convert secondary values to per unit ) \jh:-,q. )
<, = 15 OopVA V‘m;j 2490y bese  Spge
bose T c
- ompute p.u. values
N p
2, * Ei%ﬂ-: 2.304s52 2. K, 3.20 5%
d Vsl - L.
L)u.s-:a 5, Qa{aq ‘ZM. Aem
2|22 ous lep” oo
o 23040
= | 389
R 0.0977px Xigp® 1.38% pur
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Example 10-2 Solution (3)

Refer the X, and R, to primary side and compute p.u. values using
primary Z, .
T200V

QJ?: C*Z Q:s-' \25!5 v )2-0-“-57-:%‘“‘

!

2
e 77—°>,V) .zose = 28805
Xisp= O Xi¢ e L

Z;]D an Pmmm-f.l 2073.4 56

=g

B@—. = T = 0,047 pa - xlspd i ‘ZE_E%F_L; = . 389 pu
2073.6 T 208,63
Zhuo Bhneg

Same values as low-voltage side p.u. calculation. Per unit with
transformer voltage ratings as base voltages removes turns ratio
from all calculations

Transformer Ratios and Per Unit

When common power base is used, and voltage bases are defined as
transformer rated voltages, p.u.(percent) values are the same on both
side of transformer. This means that the ideal transformer can be
removed from schematic and calculations done in p.u.

To get actual values from p.u.

Zact = Zbase ’ Zpu Vact =V,

base = I I

act base ~ ' pu

SV

P

act

= Sbase : Ppu Qact = Sbase : qu Sact = Sbase ’ Spu
Note: Rated voltage and current values are 1.0 p.u.

Ohm's Law holds in p.u. so....

V \V/
_ _ Vpu
Vo=l Zu =3 Z, =
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Per Unit Calculations

Example 10-3: A 50 kVA 7200-240V single phase transformer has an
equivalent series impedance of 25275° Ohms in terms of the high
voltage side. The transformer supplies a 45 kVA load with 0.89 lagging
power factor at rated voltage. Find:

a) Per unit Z, with rated high-side voltage as the base voltage
b) Per unit Z,, with rated low-side voltage as the base voltage
c) The %VR using per unit values

Example 10-3 Solution (1)
Sealed? 58 RVA V?" TZeN eV
E‘Bgrw: 2s el 5 =45 kil }'P:D.S”ﬁ Lﬁfminﬁ

a) Primary side values in p.u.

C Vg (2200vy > Lo
g( JEE- = = La, 000 Hpu ?Z{:MQ
p = 15&‘“‘—:053}1 % au,
a: = (03L& L fjes‘_wpu W " LZ o
b) Secondary side values in p.u.
2 720V
) RN Lo o= 230y
Ehug So po0 VA ZeS ok
eil.\l . az 20
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Example 10-3 Solution (2)

Z%W- 2.0 228(%"S%

2545 a
_ o, alﬁé’ﬁs—ﬁ*
Z‘-‘L"‘" @)* Zaed sz
- oot EB
2o’ © D2ql A5 g
¢) Find the %VR lm_ Stase. _ SaomvA
_EET,WPK = \I&WQ Hov
= ZoB 2 A

Se _4axNA _ 97SA
LEe ™ mov

Fp70.89 d=cos' ()
4= Cos! @) -22.1°

Example 10-3 Solution (3)

T L 290v/s°

+ Lo _ (81s£2a Vigps hoder = o
Lpw T 208 3 A

E.= L.pu,(g@li‘b +_\7Lspu

[spa
2.8
Ey o= 030e)Comifirs) +
- o .
Epep” O 019/ 473 NVA
Epg "ﬂa[q@i%qﬁodféH l

|

s pu (.01459 *&o.mr.f

“spus (22197 {-‘D‘q"o pu
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Example 10-3 Solution (4)

Esen| ~ %
%Vﬂ—_. AJ (qpu( {tsf‘%!XImOA

| G

mm‘; -0 f:rn"
Yove = C 4

ofvR = I. 47% @

Per Unit Circuit Analysis

Example 10-4: The circuit shown below has a base voltage of 240V and
base power of 1500VA. Find the PU. and actual current in the circuit.

X=j3.0 ohms

R=1.0 ohms | —

V=240 V R, =20 ohms

Example 10-4 solution V. =248\ ‘Sme: 158 VA

LUL, 3 (,2.40)1
41 . - 3845 22 _ . pLb pu
ZL:.:.@ Sz,a;-e base Wﬂ '_{? z é‘g_q;' = Q.
R _ 2om- - g3 = £ 278 P
R pul Bpue 3043 pu 384

10, pur O-521 pu
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Example 10-4 Solution (2)

o Uso RSPy
SPl \,," SF“' i9av
bose

ér: @Puf ELP“\'*%xPu

u
Z :‘LO.QZ(,,%O.SQ_Q‘I'?O.U?Q p
T
z 2,078 P
2" 0.7 t7 Find actual value of current
; ' /' 4t . |
e 8 1 bosa  ISOOVA .

basa Vi,m::a- = Zqay

V3 7L B
= Ple —_— _ _
— = T = — JSS 8.1 {-._ J.m(i:p‘b
I,M 2. 0,553 /81 Tos y
Lz ’mnpw@_ = 8.0) = (.30 LBLA
Lz I, G A et ERIEIYA:2

Power System Application of Per Unit

Example: 10-5: A 250 kVA 2400 - 240V transformer
with a 2.2% impedance was damaged by a zero impedance
short across its low voltage terminals. Assuming rated
voltage and an impedance angle of 75 degrees, find:

a) the actual short circuit current,

b) the required percent impedance of the new
transformer to limit the short circuit current to 25,000
amps.

2/9/2016
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Example 10-5 Solution (1)

a) Find actual short circuit current

I X La Per it
‘ A ZFE O.ﬁllbglb
- £
}VL“O \/= (&n SC
S 40 k¥R . Sbes N
\/Lan? 140V s \/bn.ae _ISC: Epu - C@
I = w iSC: 4545Z—-._?5° Pw
buse 240V
T 1042 A |, is approximately 45.5 times rated

Secondary current

Example 10-5 Solution (2)

L. ToToose Log 96
Tz (oeA)(35 45 L7)

L7 97,344 258" A @

b) Find per unit impedance that limits I to 25,000 amps

Limd 40 285504 T 3= 26,004 o Vo > \_fLL“
TS ST
To+  25,0RA L e
I: = jog92d N
P L s I8 - b.04n 20
L= 24 pu, 24 fr5
4.00% will mit Qurcend
to 26 00 A
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Transformer Losses and Efficiencies
Definition of efficiency

P

0

Py +Poe 1.5 Ry

core

n

Where: P, = transformer output power
P.ore = transformer core losses (from Open Circuit
test)
I, = load current (primary or secondary)
Req = total equivalent coil resistance (referred to
primary or secondary (from Short Circuit test)

Efficiencies range from 96 -99% for large power transformers ‘

Transformer Testing-Open Circuit
Test

Open circuit test finds R, and X, - core losses and magnetizing
reactance

Test Set-up and conditions

1 P
Oa0 P
e P = wattmeter
\% =]
bc ™ A = ammeter
V = voltmeter

Test performed on low voltage side with H.V. side open circuited.
V, = rated low side voltage. Measure: |, P andV,,

oc’’ ¢

2/9/2016
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Transformer Testing-Open Circuit
Test

Circuit Model Formulas for Finding Rg, and Xy

1
ac

Parallel circuit soV,_applied

1 IM

across both elements v fe

oC P

fe

2

R = ﬁ R _ Voc X =_0c
feLS or feLS — MLS
Ife P, M

LS indicates that values determined on the low voltage side

Transformer Testing-Open Circuit
Test

Values found from open circuit test:

P. = core loss power
V.. = open circuit voltage

I, = open circuit current

Find the active part of the current from the power and voltage readings

Pc Find reactive current and Io=.]1 2
Ife = Y, compute the value of Xy MV Toc
oc

2 V,
— oc

R :Vi XMLS - I
feLS P -

c

2/9/2016
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Open-Circuit Test Example

Example 10-6: An Open circuit test is performed on the
240V windings of a 7200-240V power transformer. The
following data are recorded for the test V. =240V |
= 16.75A P.=580W. Calculate the exciting resistance
and reactance.

vzov  L=le7sA BES8ow

P
V5 T.. 5 1 . $8w
o = = === 7.91
Q{- =P fe Vo fe 296 \/ 241 A
In.: \I;;‘ I_{i ll‘/ng
R, = 0 b T Xwsg,
fas Sgow 1z '\J!eﬁs?- 247 "
= 2984 1448 ¢
Q{et};: 09.31 52 + = 16575 A MLs g SI8A

Transformer Testing-Short Circuit Test

Short circuit test finds the total winding resistance and leakage
reactance for both coils referred to the side on which the test is
performed (usually H.V)

Test Set-up and Conditions

od justokle ] =]
source S sC

=

(&)
U Short
LW, side
H.W,
A
sC

Short circuit L.V. Side. Adjust the source voltage on H.V side until
rated H.V. current flows. NOTE: START WITH SOURCEV AT
ZERO. Measure: VI and P

2/9/2016

17



Transformer Testing-Short Circuit Test

Circuit model for finding R, and X,

1 X@qHS

sC

R
egHY Short

=1 sC

Formulas for finding R.qis and X, The values of R and X are
. P found using H.V. side values
Z s = Regrs 71 Xegns Regis = —% and can be referred to the
I, L.V.side by dividing by a2
V.
Legs = TSC X Zens —Reaus

eqHS — eqHS ~ "“eqHS

sC

Short Circuit Test Example

Example 10-7: The test data for a 75 kVA 7200 - 480V single phase
transformer are listed below:

Open-Circuit Test Short-Circuit Test
(Low side data) (High side data)
V.. =480V V, = 173.1V
I, =165A .= 163A

P.. = 558W P, = 1200W
Determine:

a) the core resistance and reactance, the equivalent winding resistance
and reactance and draw the equivalent circuit of the transformer

b) the per unit values of the values found in part a.)

c) the efficiency of the transformer when operating at rated load and
0.85 lagging power factor.

2/9/2016
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Example 10-7 Solution (1)

AVANCIEON . (R ssaw
Ree™ 5 ° &sw Re 429 fe \,  48sv
<

) = I—((:: 163 A
1N

Vo, _ 8OV _ 79 14 52
IM: cs-lied K= T T ledss”

I“: J6. 458 A

Compute parameters from S.C. test
P 200w
5 Ve BRI eaay Xy >\l e
Cy” T, 1634 ¢
551; 10.GLSL Rey= 45252 Xeg™ Nl

Example 10-7 Solution (2)

Transformer schematic showing all parameters

4sL -'055',6/:&

49

4V

3 lesu

200V

b) Find the per unit values of all circuit components
_Md _‘Zl-:.ase_ S(:n:q: Sn_m:! = 7S EVA U&c&z?&m\f /I‘)”mw‘] side
\/m‘;ﬁigb\f Sewﬂflu“‘l' E'J'E

Q\"ilaus.e\]l _ Gld‘@\')l

a0 e MT Tl

_ , - = .2
On primary side €[ Shase 75, 07 UA G91.2

2/9/2016
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Example 10-7 Solution (3)

Compute PU. values using Z, .

9.t

=[0.0a65q Pu. xeﬁ;::. TR A

4‘;22._

Reypu® G122

On secondary side 2 @EGU.} =3.07251

5 75, %00 VA
R s 429 [ X, = 2306 1949 oy
fe ’——"——‘3.07232 =349 Mew 3090

c) Find the efficiency at rated load
Srated

Srtel TS 00VA  Fco88  Tued® Vided

Example 10-7 Solution (4)

Use primary side voltage e
) e o
"}Lzé+ P Ra T

s Dt:n‘urﬂ ~
Lo Famov R Seed F R 778004 (o,ﬁs}

*
dg- 10424 P=¢3750wW

R=ss8 w froma.C.Test
regf 4.5z

N [ (3750w + SRW (R4 (45

%= [d’mﬁ Xis'y, N= W%

o, 99 W

mﬂ}xzm%

2/9/2016
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Example 10-7 Solution (5)
d) Find the %VR |E [—tv )

-:;\J"Q”

Core R and Xy do not contribute to voltage drop. Use simplified model.

2e, o

Es Gn :'tpaZT 0 =cos ()

o)
\/r:'?zw Ef B:(es (é.‘&':.') LL:‘F
§=-31.8°
EP Teaw)s +(fo 42@_1_?}@ Sz +0.6(%)
E—s’ T200(* ¢ (io 4238 (o019 /48°)
B Temls s 0.0 CRE Qe - (72938878 - JTe0lL 25 |- | Ly
Ep= 2% g’ | 72w 2|

Example 10-7 Solution (6)
OVR = 7293093 | - | 12012 X1 6%
| 72m /< |

AR J:T Z ?232.;7' K13y

°hve = [-.292%

2/9/2016
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ET 332b Ac Motors, Generators and Power Systems

END LESSON 10:
TRANSFORMER
PERFORMANCE AND
OPERATION
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