









































Separation of Core Losses

The core loss of a transformer depends upon the fmqtmncy and the maximum flux density when
the volume and the th:r:lmesx of the core laminations are given. The core loss is made up of two parts
(i) hysteresis loss W, = = PB'° fasgiven by Steinmetz's empmc:l relation and (if) eddy current loss W,
= QBZ f* where Q is a constant. The total core-loss is given by

W, = wn"'wf“"'ﬁﬂgfa*'@ﬂsz

Il we carry out two experiments using two different frequencies but the same maximum flux
density, we should be able to find the constants P and Q and hence calculate hysteresis and eddy
current losses separately.

Example 32.29. In a transformer, the core loss is found to be 52 W at 40 Hz and 90 W at 60 H:
measured at same peak flux density. Cawﬁthwmfxmddﬁmhm:miﬂﬂz.
(Elect. Machines, Nagpur Univ, 1993)
Solution. Since the flux density is the same in both cases, we can use the relation
Total core loss W, = A,HBfi oo Wi =A+8f
5240 =A + 408 and 90/60=A +608; . A=09 and B=0.01
At 50 Hz, the two losses are
W,=A,=09%50 =45W: W, =Bf° =001x50° = 25W

Example 32.30. In a power loss test on a 10 kg specimen of sheet steel laminations, the maximum
flux density and waveform factor are maintained constant and the following results were obtained:
Frequency (Hz) 25 40 50 60 80
Total loss (watt) 18.5 36 50 66 104
Calculate the eddy current loss per kg at a frequency of 50 Hz.
(Elect. Mensur. A.M.LE. Sec B, 1991)
Selution. When flux density and wave form factor remain constant, the expression for iron loss
can be written as
W, = Af+Bf* or W/f=A4+Bf
The values of W,/ f for different frequencies are as under :
f 25 40 50 60 80
Wi f 074 09 10 11 13
The graph between f and W/f has been plotted in Fig. 32.44. As seen from it, A = 0.5 and
B=00l
Eddy current loss at 50 Hz = Bf* = 0.01 x50°=25 W
Eddy current loss/kg =25/10=2.5W



Example 32.31. In a test for the determination of the losses of a
440-V, 50-Hz transformer, the total iron losses were found to be 2500 W
at normal voltage and frequency. When the applied voltage and
frequency were 220 V and 25 Hz, the iron losses were found to be 850 W.
Calculate the eddy-current loss at normal voltage and frequency. :

(Elect. Inst, and Meas. Punjab Univ. 1991) Fig. 32.44

Solution. The flux density in both cases is the same because in
sawm“wlmuwﬂuﬁqumcymhﬂmmmmmumﬂuﬂdﬂmm
lspropnruunl.lmf and hysteresis loss =< f.

Hysteresis loss =< f= Afand eddy current loss < f =ﬂf1 . .

where A and B are constants.
Total iron loss W o= Af + B - ‘—:t =A +Bf i)
Now, when f = 50Hz : W, = 2500 W

and when [ =25Hz; W, = 850 W

Using these values in (i) above, we get, from Fig. 32.44
250/50 = A+ 50BandB50/25 = A + 25B . B =16/25 = 0.64
Hence, at normal p.d. and frequency
eddy currentloss = Bf* = 0.64 x 50" = 1600 W
Hystersis loss = 2500 - 1600 = 900 W



Example 32.32. When a transformer is connected to a 1000-V, 50-Hz supply the core loss is
00 W, of which 650 is hysteresis and 350 is eddy current loss. If the applied voltage is raised to
X00 V and the frequency to 100 Hz, find the new core losses.

Solution. Hysteresisloss W, « B'® 7= pp'® s

Eddy currentloss W, = B 1 = QB f°
From the relation E = 444 NB_,, A volt, we get B, = EIf
Putting this value of B, in the above equations, we have

W, = P(%Tfﬂ’l’.”f'“ and W, = Q(%Tf’wﬁ’
In the first case, E = 1000V, f = 50 Hz, W, = 650 W, W, = 350 W
650 = P x 1000 x 50°°¢ & P=650 x 10007 x 500
Similarly, 350 = 0x10000 . Q = 350 x 10007

Hence, constants P and Q are known.
Uﬁngﬂmninﬂwumndcu: we get
= (650 x 1000™"® x 50°%) x 2000"® x 1007°® = 650 x 2 = 1,300 W
w = (350 x 10007) x 2,000° = 350 X 4 = 1,400 W
Core loss under new condition is = 1,300 + 1,400 = 2700 W

Alternative Solution ;
Here, both voltage and frequency are doubled, leaving the flux density unchanged.
With 1000 V at 530 Hz

W, = Af or 650 =50A; A=13

W, = Bf? or350=Bx350%; B=7/50
With 2000 V at 100 Hz ,

W, = Af=13% 100 = 1300 W and

W, = Bf*=(7/50) x 100° = 1400 W

New coreloss = 1300 + 1400 = 2700 W

Example 32,33, A transformer with normal voltage impressed has a flux density of 1.4 Wo/m®
and a core loss comprising of 1000 W eddy current loss and 3000 W hysteresis loss. What do these
losses become under the following conditions ?

(@) increasing the applied voliage by 10% at rated frequency.
(b) reducing the frequency by 10% with normal voliage impressed. .
(¢) increasing both impressed voliage and frequency by 10 per cent.
i Electrical Machinery-1, Madras Univ. 1985)

W, = PE'f® and W =0F
From the given data, we have 3000 = PE'® f08 -
and 1000 = QF ...Aif)
where E and f are the normal values of primary voltage and frequency.
i@) Here voltage becomes = E+10%E=I11E
The new hysteresis loss is W, = P(L1E)"f 0% . .. Gif)

Solution. As seen from Ex. 32.32

W,
Dividing Eq. (ifi) by (i), we get 305 = 1.1 W, =3000 1.165=3495 W



The new eddy-current loss is
W
- ke e e W
W =0(.1LE" . 7000 1.1
W = 1000%x121 = 1210 W

ih) Asseen from Eq. (/)above eddy-current loss would not be effected. The new hysteresis loss is
W, = PE'® 09 n™"* v

W,
From (i) and (i), we get 358 = 097, W, = 3000 x 1,065 = 3,196 W

(c) In this case, both E and fare increased by 109%. The new losses are as under :
W, = POLID™ 1p™
%ﬁ = 11" %107 = 1.165 x0.944
R W, = 3000 x 1.165 x 0.944 = 3,299 W
AsW, munnf{ucwdbyclmn;ﬁmf its value is the same as found in (@) above i.e. 1210 W

Example 32.34. A transformer is connected 1o 2200 V, 40 Hz supply. The core-loss is 800 watts
out of which 600 watts are due to hysteresis and the remaining, eddy current losses. Determine the
core-loss if the supply voliage and frequency are 3300 V and 60 Hz respectively,

{Bharathiar Univ. Nov. 1997)

Solution. For constant flux density (i.e. constant V/f ratio), which is fulfilled by 2200/40 or
3300/60 figures in iwo cases,

Core-loss = Af+Bf’

First term on the right-hand side represents hysteresis-loss and the second term represents the
eddy-current loss,

AL40 Hz, 800 = 600 + eddy current loss.

Thus, Af =600, or A=15
Bf* =200, or B=200/1600=0.125
A1 60 Hz, core-loss = 15x60+0.125x 60’
= 900+450
= ljﬂ]m



Example 1.5. A single phase transformer is designed to operate at 240/ 120 V, 50 H;f' Cal-
culate the secondary no load voltage and its frequency if the h.v. side of the transformer is con-
nected fo ;

{a) 240 V, 40 H:. (b} 120 V, 25 H; {e) 120 V, 50 H: ;
(d) 480 V, 50 Hz; (o) 240 V. de.

Solution. Primary voltage V, at frequency fis

Vi=V21 £} Qe N,
Let the primary valtage at frequency £, be V1150 that

Vis=v2ny, Pmazz Ny
El_]_ = f_r 2 q’mi
V] ! 1 ¢n1.ur1
le)} From Eq. {£), 240 = m
¢'mu:r2 =1.25 ¢J‘Hﬂ.l|'
Secondary no load voltage at frequency fiis

Ey=v2 nf ¢W1N2
Ep=vonf, Praxa Ny
EE f2¢m:2

-.(E)

or

and at frequency f, is

i)
=100 (10X 1259
Ey =120 {-—?ﬂ_‘i}mz J: 120 volts at 4p 1y,

Second
supply frequency changes. ondary voltage

remaing unaffected, even jf the
(©) From Eq. (), 120 25) (hpury)

B0) Pnast) 7 Imar2 =Gy

FromEq. (i), £, - 190+ 5) (6pery)
q.(i), E,, 12Dxm=ﬁﬂwiiﬂ at 25 Hy.

) 120 (50) ¢,
i¢c) From Eq. (), i -mﬂ:xﬁ

& 50 x 0.5
From E-q (1), Ezg =120 x ?ga}_;—{'fiﬂ-“—";_ =60V at 50 Hz.
iy |

480 _ 50 x (9,,,,,)
240 ~ 50 x (¢

ﬂwxl]

or ¢H'Iuﬂ =05 ¢mr:u='l

(d) From Eq. (i), O Suaez =29, .

(¢) The direct current is alter
change of flux. As a result, secon
opposes the applied voltage V\ is also zero. Therefore,
only by the primary winding resistance r,. Since ryis
tremendously high and transformer will definitely get

nating current at zerg fr

equency. In other words, there is n«
dary induced emf, E,, =

0. Further the counter emf. E,, which
the primary no load current is limited

quite small, the current 240/r, will be
burnt,



SXAMFLE 1.16. In @ transformer, the core loss is 100 W at 40 Hz and 72 W at
St See hrysteresis and eddy current losses at 50 Hz.

SOLTTION. l;.izub_f

100 _
20 =a+40b

%-u+3&b

Selztion of these equation gives
a=21 bF=00M

Therefore, hysteresis loss at 50 Hz
=af=21%x50=105W

Eddy-current loss at 50 Hz

=bf =0.01 x (S0P =25W

MLI?.AQWVM@E&:NMMEH#;WWM
=200 W. When the transformer is supplied at 200 V, and 25 Hz, the core loss is
Ckeulate the hysterests and eddy current loss at 400 V and 50 Hz.

vV, 400
Sowrmon. =X _g
Fini 50
Y2 _200_
L B
Vol
Since A=—i-g
A kR
the flux density B,, remains constant. Hence
P;
'}r-a-l-.!f
: 2400 _
= 50 a+50b
and %zﬁﬁb
Salvingﬂ'nseequatims,mget
a=16 b=044
Therefore, at 50 Hz

P,,=ﬂf=16x5(3=mw
P.=bf = 0.64 % (50)% = 1600 W



ﬂ!ﬂhmﬁx ‘ ;:111[34 Ir;:_ transformer, the core loss is found to be 52 watts at 40 Hz and 90 watts
; Osses betng measured at the same peak flux density, .
*ddy current losses at 50 Hz. peakfl sity. Compute the hysteresis and

Solution. From Eq. (1.47), the total core loss is
P.: =Kh fEm.l "'Krfg 'Bﬂl2
For constant flux density P.o=k,f+k, f!

Wi

bere constant ky=K,B,* and constant k,=K.B,’
g2 At 40 Hz, 52 = k, (40) + k, (40)*
. GOHs, 90 = ky, (60) + k, (60)*

52 = 40 k, + 1600 k,
P 90 =60 k, + 3600 k.
om the above two equations, &, and k, are found to be

9 1
Thyg k=10 =9 %= Jog
A\ at 50 Hy
"8 lowa Po=k,f= 'i% {50) = 45 watts.
_ L1 (50)% = 50 watts.
and eddy current loss P.=kf= 100 (60)

is loss of 340 watis
] s,rmer has hysterests . :
V, 60 Hz, single-phase trans o e v
dE;;m;}:r:ﬁ%fs i?‘tl}zﬂ watts. If the transformer is op:nr;t::tir‘?m! e
?ﬂuﬂi:s tien compute its fotal core loss. Assume Steinmelzs C

Solution. The operating voltage Vi = V28 /2 BmaAi v

Vy=venfiBmAiN and -l
ﬂ-lﬁam! J "

‘M =1.255 By,
B2 =50 (220) B

From Egq. (1.46), hysteresis loss
P.h . I(h -"Bm.-c
B o DY o syt
P BB ©

4 5 =
Pyq = (340) Lg(l,z:ﬁ]m = (340) [E}(l.d-.‘-]&} =408 W.

or
s

2
From Eq. (1.46), eddy current loss P, = K, B,
B 2
: : Per_ &W&E =[30] (1.255)"
' & Pel fl)] kBml 60
L _‘2)
P, = (120) El (1.255)* = 131.3 W.
P,=Pyp+Pg=408+131.3=539.3 W.

. Total core loss



hysteresis and eddy current losses in a tra nsformer at 50 Hz are

Example 1.26. The ohmic,
1.6%, 0.9% and 0.6% respectively. For a Steinmetz’s coefficient of 1.6, find

(a) these losses at 60 Hz, for the same system voltage and current and

(B) the output at 60 Hz, for the total losses to remain the same as on 50 Hz.
Solution. (a) Subscripts 1 and 2 will be used to refer to 50 and 60 Hz quantities respective-

ly.

Since the voltage and current at both the frequencies of 50 Hz and 60 Hz are the same, the
output also remains the same.

The ohmic loss depends on the current and here it is given that the current at both the
frequencies are equal. Therefore, ohmic losses in watts remain unchanged and for the same

output, the percentage ohmic losses are again 1.6%. Thus
Ohmic loss at 50 Hz, P,;, = Ohmic loss at 80 Hz, Pn-*; =16%.

Vi AB 50B
As before L L = i 2
V, " FoBg or 0B, or B,,==B,,
|http:.ffeasg,rengineering.net

From Eq. (1.46), hysteresis loss, P, =K, f B,
Pu_fi(Bas
Pk:l. fl Bml

60\ (5 1.6
Pio= Py, [EJ [E) = P;,,(0.833)°° = 0.896 P,;

Py Py
—=— =896 < - _
Output Output 0.896 (0.9) = 0.806%
From Eq. (1.46), eddy current loss,
P! r Kf f BJ'“2

Pe_[f (mez_ I
Pel fl kBml
2
60 o
PEE=P¢1[:5T]1 [E =Pr‘.l

v
For the same output, percentage P, = percentage P, =06%.
y current losses at 60 Hz are 1.6%, 0.806% and 0.6%

Thus the ohmic, hysteresis and edd
respectively.

ar

or

or



(b) The core loss depends on voltage and frequency only. Therefore, P, = 1.5% ( = 0.9 + 0.6) and
p,=1406% = (0.806 + 0.6) can't be changed for given values of voltage and frequency. For the total
loeses to remain the same, the ohmic loss alone can be varied.

. Total losses at 50 Hz = Total losses at 60 Hz
3.1(=16+09+06)= 1.406 + New ohmic losses.

or
. Permissible value of ochmic losses at 60 Hz
= 3.1 — 1.406 = 1.694%.
Since the ohmic losses are pmpurtiunal to the square of the current, we have
New permissible current | _ New ohmic losses _ _ 1.694
Original current = Original ohmic losses  1.60
New permissible current
= li'—ﬁﬁ%i (original current) = (1.028) (original current)
For the same voltage, output at 60 Hz
=(1.028) (output at 50 Hz) 1
mllt is, therefore, seen that output at a higher-frequency operation is increased for the same
loss,

Example 1.27. An 11 JO.4 kV, 25 Hz, single-phase transformer has ohmic, hyefterzsis and
eddy current losses of 1.8, 0.8 and 0.3% respectively. What do thfzse losses become if the trans-
former i operaizd from 22 kV, 50 Hz supply system. The current is assumed to remain the same

tn both the cases.
Also calculate the efficiency i h case
ncy in each case. '
Solution. Subscripts 1 and 2 are used to denote 11 kV, 25 Hz and 29 kV, 50 Hz systems
Tespectively,
therefore, the output P, at 50

At50 Hz, the voltage is doubled l: %% I For the same current,

l'fzja double the output Py at o5 Hz, i.e. sz =2pP. 1t is given that

Pnﬁl P.H f fs-l-s 03*
Tohl _18%; 5 = 0.8%; :
1 Py Fi



Ohmic loss. Since the current is same at both the frequencies and voltages, the ohmic
losses in watts remain unaltered, i.e. P,yg = Pos.

Percentage ohmic loss at higher frequency

Poo _Pory 1
=0t _ "% . _ (1.8)=0.9%.
P, ~zp, 29
Core loss. The voltage is related to f, B, etc. by the expression
V=V2nfB,A;N
Vi _(f)(Bm 11,000 _ ‘2513,.1
v, [fg B 22,000 |50 | Buna
1_1(Bm)
- 2”2 maJ
BmE = Bml

The hysteresis loss P, =K, /B, watts

sz 2\ f
Pu |A J
Pry=Ppy (EEJ{]-)I =2(1)" Py; = 2P}y

Percentage hysteresis loss at f;, Vy is

Pra_2Pu g o0

TP

The eddy current loss P, = K, £ B,.® watts
2 2
P _(fa] [Bue '
P; fl Bml
Pﬁ:Pe![ I{l) —4P

PEE 4P£1
Percentage eddy current loss at f5, V5 i is 5 =3P,

ar

—zf&\—z 0.3)=0.6%
= ( p, [=203)=0.
: i e Losses - Losses/Qutput
Efficiency at fy, V115 =1- Output + Losses = 1+ Losses/Output

s P.u. losses 0.018 + 0.008 + 0.003 1- 0.029

1+ P.u. losses ~ 1+0.018+0.008 +0.008 ~ 1.029

=0.97182 or 97.182%
: . 0.009+0.008 + 0.006
Efficiency at fo, Vo is = 1=777% 669+ 0,008 + 0.006

0.023
1023 = 097755% or 97.7556%.

=1-



Example 1.35, An apen circuit test w

Phaze transformer gave the following datg hen performed on the delta side of @ bank of three-

Terminal m.ff-q_ge inV e : ST B
iz b 214
— | Eﬂ 171.00 1254 :T! 85.6
—_— e 40 ;
Power irpul i W [ 100 i = i
= ,J_ 725 50 30
& ine the hysteresis and eddy current losses at -
(a) 60 Hz and
Golution. First of all the readings are changed to per phase values, as given below :
,-—""'——'_F-_-_-_' . S
e LA 214 171.00 128.40 85.6
or phase power in W, Le. P 333 24.2 16.67 10
--F"'.-F-__._-___

.V
t may be seen that the ratio Y has a constant value of 4,28, Therefore, Eq. (1.59) can be
ssed for separating the hysteresis and eddy current losses.

The core loss per cycle, i.e. -F‘ is calculated in a tabular form as follows -

e P
,r_f 0.687 0.605 0.556 0.50

P, . "
In Fig. 1.31,  is plotted against f. The straight line so obtained intersects the vertical axis

atthe point A. The intercept OA gives the value of K, equal to 0.39. The slope of the line AB can
be cbtained at any frequency, say 50 Hz.
. K (50)=0.667 - 0.39 = 0.277
0.277

or Kg:ﬁ- = 0.00554.



07

L

06

0-5} Ka(50)

04

03}
024
Ky=0-39

01}

0—f520 36 @ 50  Frequency
inHz

Fig. 1.31. Pertaining to Example 1.35.

From Eq. (1.59),
(@) P, per phase = (0.39) (60) = 234 W
P, per phase = (0.00554) (60)°=19.95 W
- Total hysteresis and eddy-current losses at 60 Hz are 23.4 3=702W and 5985 W
respectively.
(b) P, per phase = (0.39) (
P, per phase = (0.00554)
Total hysteresis and eddy-current losses a

40)=156 W
(40)* = 8.86 W.

+ 40 Hz are 46.8 W and 26.58 W respectively.



mmp Example 1.12 : 1 kV/2kV transformer has 750 W hysteresis losses and 250 W eddy
current losses. When the applied voltage is doubled and frequency is halfed, find the new
losses.

Solution : The hysteresis loss is given by,
P, =« BLf
The eddy current loss is given by,
P, = BZf?
But B, =

-

16 2
P, = %] xf  and Pl.W(EE) x f2

: 2 2 2
o ..li"_".. = [i)l ’ x(-&;)l ’ *® .5'. and f!'.'— = [_\.’:L) x(.f_:.] *® {5.]
Pra V2 ky k Pa V2 k k

70 L (0.5 x(0.5x2 and 20 =(05)? x(0.5) x(2)?
Plﬂ Pﬂ
& Py = 3446.095 W and P, = 1000 W

- Total new iron loss = Py, + P, = 4446.095 W

Wmp Example 1.16 : A single phase transformer shows 63 W core losses at 40 Hz while 110 W
at 60 Hz. Both the tests are performed at same value of maximum flux density in the core.
Find hysteresis and eddy current losses at 50 Hz frequency.

Solution : P, =63 W, f =40Hz, P, =110 W, f, =60 Hz, B, is same.
As B, is same, it can be absorbed in the constants A and B. Thus we can write,
Ph = M Wh.i].'E F¢=Bf2

P, = P +P, = Af+Bf?
63 = Ax40+Bx(40)2 (1)
and 110 = A x60+Bx(60)2 (2)

Solving (1) and (2) we get,
A =1.0584, B=00129
Thus two losses al 50 Hz are,
P, = Af=10584 x50 = 5292 W
P, = Bf? =00129 x50 = 3225 W

L



Example 1.1

A single-phase transformer 1s designed to operate at 220/110 V, 60 Hz. What
will be the effect on the transformer performance if the frequency reduces by
5% to 57 Hz and the primary voltage increases by 5% to 231 volts?

Solution:

The emf equation 1s
Vi=4449,, f N, .

Now ¢, =8, 4.

where B, is peak value of the flux density in the core ( wh/m?)

& . . o)
A. 18 cross-sectional area of the core in m~ .

C

Hence, for a given number of turns (N ,) and core area (AL. )

(231)5?;;: _ 4.44 [Bmp )5”,: X A.x5TxN,

220)0p. 444 (B,,, )., XA x60x N,

(
(Bmp ]5:.-”: . 231x60 B
( 220x57

Thus, with the reduced frequency and higher applied voltage, the flux density in
the core increases. This increase will in turn increase the no-load current, the
core loss and the noise level of the transformer. This example shows that the
operating peak flux density in the core has to be correctly chosen depending on
specified overexcitation conditions by the user.



Magnetic Hysteresis Loss

If an alternating voltage is connected to the magnetizing coil, as shown in Figure
1.8(a), the alternating magnetomotive force causes the magnetic domains to be con-
stantly reoriented along the magnetizing axis. This molecular motion produces heat,
and the harder the steel the greater the heat. The power loss due to hysteresis for a
given type and volume of core material varies directly with the frequency and the nth
power of the maximum value of the flux density wave. Expressed mathematically,

Py=ky f* B (1-11)

where: P, = hysteresis loss (W/unit mass of core)
[ = frequency of flux wave (Hz)
B s = maximum value of flux density wave (T)
k, = constant
n = Steinmetz exponent’

The constant k,, is dependent on the magnetic characteristics of the material, its density,
and the units used. The area enclosed by the hysteresis loop is equal to the hysteresis
energy in joules/cycle/cubic-meter of material.

EXAMPLE The hysteresis loss in a certain electrical apparatus operating at its rated voltage and

13 rated frequency of 240 V and 25 Hz is 846 W. Determine the hysteresis loss if the
apparatus is connected 1o a 60-Hz source whose voltage is such as to cause the flux
density to be 62 percent of its rated value. Assume the Steinmetz exponent is 1.4.

Solution
From Eq. (1-11),

Pa Ly S Bhl, (ky * f* Bz
Py Lk S Bl R Y T o ¢

14
P,,;'—'Iidﬁ)(@x E] = |

04 kW
25 1.0




o Flux density (B. T)

|
|
|
I
I
|

(4 1H'
Field intensity (H, A-t/m)

AC Source

(a) (b)

FIGURE 1.8
(a) Magnetic circuit with an alternating mmf; (b) representative hysteresis loop.

EXAMPLE The cddy-current loss in a certain electrical apparatus operating at its rated voltage and
1-7 rated frequency of 240 V and 25 Hz is 642 W. Determine the eddy-current loss if the
apparatus is connected to a 60-Hz source whose voltage is such as to cause the flux
density to be 62 percent of its rated value.
Solution
From Eq. (1-30),

P, [kf’Bra ~ B_zr {er
P{2 B l—'{rfzﬂim]} = sz ; Pﬂr * 1 x B’I‘Hll.l

60]* _[062]
—=| x| = 142kW
25] [ 142k

- B X
P = 0642 1.0

Example 2.28

A TEVA, 220/110 V, 400 Hz transformer is desired to be used at a frequency of 60 Hz. What will be
the kEVA rating of the transformer at reduced frequency?



Solution:

We know that E =V =444 ¢ Nf=444B A N[
Assuming flux density in the core remaining unchanged, we have
V] o f
Ve _ f
or — =
Vi f
- I _ 60 _
or V]_fo_220x4m_33\folt

As current rating of the transformer remains the same, the kVA rating is proportional to voltage,

kWA rating of the transformer at 60 Hz,

V. kVA = 2351 = 0.15 kVA (Ans)

KVA"= ¥ 220

Example 2.29
A 40 Hz transformer is to be used on a 50 H system. Assuming Steinmetz’s coeff. as 2.6 and the

losses at 40 Hz, 2.2%, 0.7% and 0.5% for copper, hysteresis and eddy currents, respectively, find
(i) the losses on 50 Hz for the same supply voltage and current. (i) the output at 50 Hz for the same
total losses as on 40 HZ.

Solution:
Let W be the total power input to the transformer in both the cases in watt.

Copper loss = IZ x total resistance
As long as current and supply voltage remain the same, copper loss will remain the same.

Copper loss at 40 Hz or 50 Hz

_12
= Ime—G.UIZmet

Hysteresis loss = p B__16 fwatt/c.c. of the magnetic material.

rRax

For the same voltage induced per turn (E/N = 4.44 f ¢) the product ¢for B, _fremains constant.
Bm{.rxlfl = Bmalzfz

Poasy _ fo 50 _ 55
B, _J, 4

or B .= 0.8 BmMl

max

Hysteresis loss at 30 Hz

W,

=K, =nB2 f, wattlce. = K, (08B, )'°1.25 f,

= K, (0.8) B, '® f; X125 = 1.25(0.8)"° x K, B, °fi = 0875 % K, By, "1y



But hysteresis loss at 40 Hz is 0.7%
W, = 0875 x 0.7 =0.6125%

2 £2.2 . :
Eddy current loss, W = B f-r" watt per c.c. of the magnetic material.

2 2,2

Wq BITIEJ’.rfi i‘I
T % Butf, =1,

€2 Bma.ngl ?2

i w alG IORUIE

€2 max3
II;']'}rt’l - Wé‘z

Hence eddy current loss will remain the same.
Thus, the three losses at 50 Hz will be
Copper loss = 1.2%
Hysteresis loss = 0.6125% (Ans.)

Eddy current loss = 0.5%

Example 2.42
The iron losses of a 400V, 50 Hz transformer are 2500 W. These losses are reduced to 850 Wwhen

the applied voltage is reduced to 200V, 25 Hz. Determine the eddy current loss at normal frequency
and voltage.

Solution:

We know, E=444NfA. B
B o« % (since all other quantities are constant)
As %‘ = % = 8§ and ?—; = % = 8. B is same in both the cases
Hysteresis loss, W, o f = Pf (where P is a constant)
Eddy current loss, W, o f* = Qf* (where Q is a constant)
Total iron loss, W, = W, + W, = Pf+ Qf* or % =P+ 0Of ..(2.83)
When f= 50 Hz; W, = 2500
%=P+Q>¢500rP+5{]Q=50 .(2.84)
When f=25 Hz; W.= 850
@=P+Qx25mP+25Q=34 ...(2.85)

25



Subtracting eq. (iif) from (ii), we get,
250=160rQ=0064
From eq. (ii). we get, P+ 50 x 064 =50 P =18 ...(2.86)

Eddy current loss at normal frequency and voltage.
W, = 0f* =0.64 x 50 x 50 = 1600 W (Ans.)

Example 2.43
A transformer has hysteresis and eddy current loss of 700 W and 500 W, respectively when connected

to 1000V, 50 Hz supply. If the applied voltage is raised to 2000 V and frequency to 75 Hz, find the
new core losses.

Solution:

Here, V,= 1000 V; f, = 50 Hz; W, = 1200 W; W,,= 700 W
W, = 500 W; V, =2000 V; f, = 75 Hz

We know, W, o< B x f = PB.S x f .(2.87)
W, o= Bl x f* = QB2 x f~ ...(2.88)

Induced emf, E = 444 NfB A_volt

or B o % (- 4.44 NA, are constant)
Substituting this value in eqs. (2.87) and (2.88), respectively, we get,
1.6
W, = P (%) x f = PEYf 06 .(2.89)
2
W, =0 (?J x 2 = QF* .(2.90)
Case-I: When E=V =1000V and f=f, =50 Hz
1.6 0.6
wm = PWL} 1
700 = P(1000)%6 x (50)-06
700 = P x 63096 x 0.0956 or P =0.116
wf‘] = Q x E?
500 = Q x (1000)? or @ =5 x 10~*
Case-1I: When E=V,=2000Vandf=f,=75Hz

W, = P(V))"® 5% = 0.116 x (2000)%6 x (75)-°6
= 0.116 x 192.27 x 10° x 0.075 = 1664 W



Wﬂ =0 x (‘lw’z}2 =5 x 107* x (2000)* = 2000 W
New core losses, W, = W, + W, = 1664 + 2000 = 3664 W (Ans.)

Example 2.44

The hysteresis and eddy current loss of a ferromagnetic sample at a frequency of 50 Hz is 25 watts
and 30 watts, respectively, when the flux density of 0.75 tesla. Calculate the total iron loss at a
frequency of 400 Hz, when the operating flux density is 0.3 tesla.

Solution:

At frequency, f=50 Hz: 25 W, W, =W =30 W; B =0.75 tesla
frequency, f, = 400 Hz; B, ,=0.3 tesla

W, = PB,} f, or 25 =P x (0.75/*¢ x 50

25
or = m = 0?922 . WE’I = QB§r|ﬁ2
2 30
or 30 = @ % (0.75)* x (50 or 0 = —————— = 0.02133
¢ ¢ (0.75)* x (50)°
W, = PBS x f, =07922 x (0.3726 x 400 = 46.16 W
W,= OB, , % f; = 0.02133 x (0.3)* x (400)* = 3072 W
Total iron losses, P=W,, + W_,=46.16 + 307.2 = 353.36 W (Ans.)

Example 2.45

The following test results were obtained when a 10 kg specimen of sheet steel laminated core is put
on power loss test keeping the maximum flux density and wave form factor constant.

Frequency (in Hz) 25 40 50 60 80
Total loss (in watt) 185 36 50 66 104

Calculate the current loss per kg at frequency of 50 Hz.

Solution:
At a given flux density and waveform factor, total iron losses are given as

P‘_
P,=P,+P,=Af+Bf? or L= A+Bf

f
Total iron loss/cycle 1.e., P,/ for various values of frequency is given below:
f 25 40 50 60 80

P/f 074 09 2.0 2.1 23

A graph is plotted between P./f and f as illustrated in Fig. 2.50. From graph A =0.5 and B = 0.01
Eddy current loss at 50 Hz = Bf? = 0.01 x (50)* = 25 watt

Eddy current loss per kg at 50 Hz = 25 ~ 2.5 wat (Ans.)

10



Frequency, (f)

Fig. 2.50 Curve for frequency vs iron losses in a given transformer

2.16. A 25-Hz, 120-V/30-V, 500-VA transformer is to be used on a 60-Hz source. If the core flux density
is to remain unchanged, determine {&) the maximum permissible primary voltage, and (b) the new
(60-Hz) rated secondary voltage and current.
{a) By (2.9), the primary voltage will vary directly with frequency. Hence,

maximum primary voltage = % (120) = 288 V

raed 7, = 0 goy =12 v
%3
(b)
rated I, = %ﬂ'gl = 1667 A (same as at 25 Hz)



3.45 The flux in a magnetic core is vnrymg sinusoidally at a frequency of 600 c/s. The
maximum flux density B, is 0.6 Wb/m?. The eddy current loss then is 16 W. Find the
eddy current loss in this core, when the frequency is 800 c/sec, and the flux density is
0.5 Wh/m? (Tesla).

Solution
We know, eddy current loss o< B2 x f

at 600 c/sec: F, e (0.6)* x 600 (i)
at 800 c/sec: F, (say) o (0.5)° x 800 (i)

Dividing equation (ii) by equation (1) gives:
Fy  (05)" x800

16 = 0sixew | Tati0W
=19.259 x 107!
P, =16x9.259 x 107" w
= 148148 W,

Example 4-2 (Section 4-4)

A sample of iron having a volume of 33 cm? is subjected to a magnetizing force
varying sinusoidally at a frequency of 400 Hz. The hysteresis loop is plotted
using the following scales: 1 cm represents 300 At/m, and 1 cm represents 0.2

weber/m?. The area of the hysteresis loop is 57.5 cm?. Find the hysteresis loss
in watts,

Solution

Let P, denote the energy loss represented by Eq. 4-17. This is the energy loss
per unit volume for one cycle.

2\ /300 At : 2
P, =fHdB= (5?.5 cm ) ( 00 A ;"m) ({] 2 weber/m ) 3450 Jc.ulgs
cycle 1 cm 1 cm m’ cycle

The hysteresis loss of Eq. 4-18 is P;, multiplied by the volume and the frequency.
Py = PyOf

joules cycles 3 Im \’
= 3450 ———] (400 33
( m® cycle) ( sec ) (33 cm’) (1[}(] cm)

=455 watts



Example 4-3 (Section 4-4)

The flux in a magnetic core is alternating sinusoidally with a frequency of
400 Hz. The maximum flux density is 0.6 weber/m?. The eddy-current loss is
28 w. Find the eddy-current loss in this core when the frequency is 300 Hz and
the maximum flux density is 0.7 weber/m?*.

Solution

Let k, = k,07?
Use Eq. 4-19 to find ..

P, 28 watts m*

"= = =4, 1 -4
ke iB1 (400 X 0.6)? 86X 10 Hz? weber?

For the new frequency and new maximum flux density, we can find

P., =k, f3B% =(4.86 X 107%) (300)* (0.7)* =214 w

Example 4-4 (Section 4-4)

The total core losses (hysteresis plus eddy current) for a sheet steel core are
found to be 500 w at 25 Hz. When the frequency is increased to 50 Hz and the
maximum flux density is kept constant, the total core loss becomes 1400 w.
Find the hysteresis and eddy-current losses for both frequencies.

Solution
Since B, . is constant, Eq. 4-20 can have the following form:
P.=Af+Bf? where A = kj(Bmax )" and B = ko(Bnax )?
For a frequency of 25 Hz, the core loss is
P., =500=A(25) + B(25)*
For a frequency of 50 Hz, the core loss is
P, = 1400 = A(50) + B(50)*

Solve the two equations to find 4 =12 and B =0.32. Now, we can find the in-
dividual losses.

Py, =Af, =300w. P, =Bff=200w
Py, =Af, =600w P., =Bf?=800 w



8.65 A 200V, 60 Hz single-phase transformer has hysteresis and eddy current losses of
250'W and 90 W respectively. If the transformer is now energized from 230 V, 50 Hz
supply, calculate its core losses. Assume Steinmmetz's constant equal to 1.6,

Solution
If W), and W, are the hysteresis and eddy current loss respective then
Wy= K, /By and W,=Kf?B}

where K and K, are constants, fis the frequency, B, is maximum flux density and x is
the Steinmetz constant.

Core loss = (V, I, cos 8,) = 700 W, where cos 8, is the no load p.f. and V, is the vollage
of the primary winding.
__100
2400 x 0.64
The core loss component of exciting current
=1,cos 8,=0.64 x 0456 = 0,292 A.
The magnetizing component of exciling current
= I, sin 6, = 0.64 x sin (cos™ 0.456) = 0.569 A. cnsnansn

So, cos 8, = = 0.456

14.178 A single-phase transfoprmer on open circuit gave the following test resulis:

216 V 45 Hz 582W
264 V 55 Hz 732 W
Calculate the eddy current and hysteresis losses separately at 240 V, 50 Hz.
Solution
v_216
For the first test, 7 s 4.8
vV 264
For th nd test, —=—— =48
or e seco = G - 55
vV _ 240
v, —== =4,
At 240 750 8
Since V=E=444fN ¢,

then % = K¢,, where K is a constant (K = 4.44 N).

As V is constant, the flux and flux density are constant.
We know, hysteresis loss (Py) = for, P, = af



01. In a transformer zero voltage regulation is achieved at a load power factor which is

At leading power factor the voltage regulation can be negative or zero. This can be found from this

equation % regulation = gxcos0 - &:sinf

02. A transformer has resistance and reactance in per unit as 0.01 and 0.04 respectively. Its voltage
regulation for 0.8 power factor lagging and leading will be

Voltage regulation for lagging power factor = (R cosf + X sinf)*x100 Voltage regulation for 0.8
lagging power factor = (0.01x0.8+0.04%0.6)x100 = 3.2% Voltage regulation for leading power factor
= (R cosB - X sinf)x100 Voltage regulation for 0.8 leading power factor = (0.01x0.8 - 0.04x0.6)x100
=-1.6%

Eddy current loss and hysteresis loss are almost independent of load, significantly depending on
supply voltage and frequency. As the flux density or flux is constant for a given voltage and
frequency, eddy current loss and hysteresis loss remain constant at any load. Therefore, these losses

are called constant losses. Copper loss varies as the square of load current and called variable loss.

04. In a transformer, hysteresis and eddy current losses depend upon

Eddy current loss P. < K B2, f 2
Hysteresis loss Py, o< K, BLE

Therefore, in a transformer, hysteresis and eddy current losses depend upon both maximum flux

density and supply frequency.



In a transformer, the core loss is found to be 52 watts at 40 Hz and 90 Watts at 60 Hz; both losses
being measured at the same peak flux density. Compute the hysteresis and eddy current losses at 50
Hz.

05. In a transformer operating at constant voltage if the input frequency increases, the core loss

Eddy current loss P. < K, B2, f*
Hysteresis loss Py, o< K, BLE
v

Bm'x_
f

1. When B,, is constant
-F;'. o Kﬁfg and -F:F; o Kh.f

2. When B,, is not constant

Vv 9
P, o K...{?F x floc K, V©

V
P, x Hh{?}l-ﬁ x foc KV x 506

06. If the frequency of input voltage of a transformer is increased keeping the magnitude of voltage

unchanged, then

EddycurrentlossP, = K, B2, f*

Hysteresis loss Py, = KBS f*
When fluz density is not constant

P.=kV?and P, = K,V'® x § 06

Therefore, hysteresis loss will decrease but eddy current loss will remain same.
Eddy current loss P, = K, B2 f?

Eddy current loss is directly proportional to supply frequency. Therefore, for dc source, frequency is
zero and eddy current loss is also zero.

08. A transformer has hysteresis loss of 30 W, at 240 V, 60 Hz. The hysteresis loss at 200 V, 50 Hz
will be



Hysteresis loss Py, oc Ky BLS f
When B,, is constant P, = K f

240 200
For given problem, B, = — =4 andand B, = — =4
60 50
By = B
therefore, Dz = f2
Pa h
FPry = %xﬁﬂ:isw

09. A single phase transformer when supplied from 220 V, 50 Hz has eddy current loss of 50 W. If the
transformer is connected voltage of 330 V, 75 Hz, the eddy current loss will be

Eddy current loss P. = K, B2, f*

When B,, is constant P. = K, f°
220 330

For given problem B,,; = — =44 and B, = — =44
50 75
therefore, B, ,; = B, »
Pa_ hy,
Fa h

Po = {T_“'}E x 50 = 112.5 W
50

10. The full load copper loss and iron loss of transformer are 6400W and 5000W respectively. The
copper loss and iron loss at half load will be respectively?

Iron losses do not depend on the load, iron losses remain constant for any load. Therefore iron losses

are considered as constant losses. Copper losses vary as square of load current and these are

considered as variable losses.

Copper loss at half load

= {%}2 « full load copper loss

= i » 6400 = 1600 W



07. 1 KVA, 230 V, 50 Hz, single phase transformer has an eddy current loss of 30 watts. The eddy
current loss when the transformer is excited by a dc source of same voltage will be

Core losses in a transformer is the sum of hysteresis loss and eddy current loss.

hysteresis loss is proportional to frequency and eddy current loss is proportional to square of the

frequency.

Hence we can write :
coreloss=Af+Bf

where A and B are constants.
from the given data we have;
52=A40+B 1600.......... eql
and

90 =A 60 + B 3600............... eq2
Solving both the equation we get,
A =36/40

B=1/100

Hence putting these values in the equation with frequency 50 hz,
core loss = 36*50/40 + 2500/100
=45+25

=70 watts

Hence core loss at 50hz is 70 watts.



Example 1.77. A 4 kVA, 50 Hz, single-phase transforier has a ratio 200/400 V. The dﬂi“
taken on the lv. side at the rated voltage show that the open circuit input wattage is 80 W. b:
mutual inductance between the primary and secondary windings is 1.91 H. What value will
the current taken by the transformer, if the no-load test is conducted on the h.v. side ot r;asl
voltage ? Neglect the effect of winding resistances and leakage reactances. (GATE, 1

Solution. Open-circuit input wattage = core loss in transformer = 830 W

gut core 1058 eV =IB0W

gareJoss i 8 transformer remains unaltered whether it js energized from l.v, side or h.v

re-105S current when energized from h.v, side,
o A

c2 4[}“

(n & transformer, E=v2=afN Peax = V2 My

# o
=0.2A

. i i H v
. Maximum value of flux linkages y,,, with Lv. winding = TL
2nf

Flux linkages with Lv. winding _ V; 1

Currentin h.v. winding  ~ V2 ¢ V2 },,,2

ahete Iz is the magnetizing current in h.v, winding,

e DD 1
m2 =2 mx 50 V2 x 1.9 = 03333 A

The current taken by transformer when energized on h.v. side, as per Eq. (1.18), is
I =I5 + Iy = [0.27 + 0.3333% /2 = 0.3887 A.

Hl:lhml inductance, M=

Example 1.61. A 10 kVA, 2300/230 V, single-phase transformer has the folloyy,
paramefers :

r=104, ro=01010, Iy =40 mH, l,=4x 10 H, M=10y
Subscripts 1 and 2 indicate h.v. and Lv. windings respectively.
(a) Find the self-impedances of primary and secondary windings.

(b) Find the values of the equivalent-circuit paramneters referred to (i} the primary and fi)
the secondary.

{c) The primary of this transformer is energised from 2300 V, 50 Hz source. If its secondary
is connected to a load of impedance 5 + j5 £, find the secondary terminal voltage.



Solution. (a) Primary selt'-indi:ctamu,

N, 2300
Ly=L g +hL= A M+l= 230 % 10 + 0.04 = 100.04 henrys.

Secondary self-inductance,

N.
Ly=Log+l=M=2+l,=10x-~ +4x10"*=1.0004 H
N, 10

(b) Parameters referred to primary winding are :

NE
r=100; rjzﬂ‘lx[ﬁ] -ﬂ.lxill.'.']?:lﬂﬂ

2
N
ly=d0mH; I,=4x 10"’[—-N—1J =4x107* (10)® = 40 mH.
2

N
L,,,l-MFl:lﬂx 10=100 H.
2

Parameters referred to secondary winding are :
1
r1=lﬂx[IE]z=[}.1l]ﬂ:rg=[l.lﬂ
3 1Y
Iy =40x10 [ﬁ]aulﬂr‘n; ly=4x10"*H.

Ny 1
Lyp=M="= —

::;nple IEE A single-phase two winding transformer gave the following test results :

— a;:] ;u inding (590) turns when energised from 230 V, 50 Hz supply, takes a no-load
WLV SAW‘M““‘“' e.m.f. across open circuited Lv. winding is 110 V.

o079 :u ning (295 turns) when energised from 115 V, 50 Hz supply takes a no-load cur-
e and induced e.m.f. across open circuited h v. winding is 226 V.

ki, gng Ly w::*;?:?‘?fjﬂdﬂfjﬂs :}f h.v. and Lv. windings () the mutual inductance between

5 s {¢) coupling factors k, gnd k h.v. and Ly, wind: '

“efficient o feoupling k. peing 1 s for h.v v. windings respectively and

core loss and winding resistances.

Wlution, Self-inductance I = ¥
Norw i
Here E =28 f Nopor = V21 f Yy

la) ., v"‘“‘m the maximum flux-linkages,
um value of flux-linkages with h.v. winding
s Vi _ 230
™" Nan £~ V2(n) (50)

. &if‘_
“uctance of), v, winding L, = lfr;jf



_|__230 _ 1 _|_gp92H
i [Z‘zm :50]] g [\f‘z * GBE]

Similarly self-inductance of 1.v. winding,

115 1 = 0.5084 H.
L, =[¢2Eﬂ} {5(}}] L [1}2 " IJ.TE] =

{b) The maximum value of mutual flux linkages
“2af

) ( E, 1 1o\, 1 -1H
.. Mutual inductance M = L;[m- *BT - |V2x(50) V2 (0.35)

.

26 1
Alternatively, M= [Eiﬁﬁ] X [ T I}.TZ] =1H.

N, M 590 1
ic) Coupling factor k‘:ﬁ'ﬂ=ﬁxm=ﬂ%ﬁ'

N; M 295 1

Coupling factor kg=E . L_,=ﬁx 05084 — 0.9835
Coefficient of coupling k = vk, k, = ¥0.956 x 0.9835 = 0.9696.
Check. M = kL, L, =0.9696 V(2.092) (0.5084) = 1.00 H.

Example 1.63. The self and mutual inductances of a two-winding transformer are
L! =4 mH, LE = EmH, MIE =M21 =18 ?nH.
Calculate the current which would flow in the winding I when this winding i{s connected to

a I130-volt, (500/%) Hz supply and the load of 0.2 mH inductance is connected across the winding
2. Azsume power losses in the windings and the magnetic circuit to be negligible. (I.E.S., 1981)

Solution. The voltage equation for the primary winding, in terms of rms values, can be
chtained from Eq. (1.84) as

Vi =r1f1 +jw Ly ?1 — juM I, (1101
Similarly for the secondary winding, from Eq. (1.85),
Vo =jo MI, - jaLy I, - ry I (1102

Substitution of the values in Eqs. (1.101) and (1.102), with V, as reference phasor, gives
130 +j0 =j2r (500/m) 4 x 107 * I, - j 2x (500/7) 1.8 % 1072 I,

and J2m (500/7) x 0.2 x 1077 I = j 2n(500/m) 1.8 x 10~ 2 I,-j2n [5—@]5 x 10711,
or 13{)'—'}4[1‘}1512 y
and 0=/18I,~-j6.21,
1.8
from above, I,= ash

Simultaneous solution for I, gives I, =37384 A

This example can also be solved
1.65 (b). Here all the given paramete

i

ﬂltE‘m&ti\rE]j‘ h}"' referring to the Bquiva[gnt gircuit ufm
rs are referred to primary, i e, take a = 1 in Fig. 1.65
Li-aM=4-18=22mH

aM=18mH



a’L,—aM =6-18=42mH
4 inductance L referred to p.l'imﬂ!'}’ = ﬂr‘jL =0.2 mH
inductance seen by the primary applied voltage
e L (@M) a°L, - aM +a’L]
ol i aM+aﬂL2-uM+a2L
(1.8x10 % (42+0.2)x10"°
(1.8+4.2+02)x 10 °

Total reactance at the primary terminals
500
n

—22%x10 %+ =3.477T4x 100*H

=onx—x34T74x107¥=34774 Q0

130
3.4774

. Current in the primary winding 1 = =37.384 A.

le 1.64- An ideal audio-frequency transformer couples a 60-ohm resistive load to an
- circuit which is represented by a constant voltage source of 5 V in series with an inter-

13000 0

W .E?Etfrmine the transformer turns ratio so that maximum power transfer takes place from
o the load.

i
a ) Find the load current, voltage and power under the conditions of maximum power trans-
. .

golution. (a) For maximum power transfer, the load resistance of 60 Q when referred to
J-_.;-ru""“"m' side must be equal to the source resistance of 3000 (1

N 6001
1
3000 [NE]RX 60 -1 ——f
5 + +
=v50 = 7.071 7071 song Vi

1
o« Ny . ¥ __L
(b) Referring all the quantities to load side, the
wquivalent circuit is as shown in Fig. 1.72. The source _ L g
i load side is (5/7.071) V and the oy Fig. 1.72 Pertaining to Example 1.64.

ance is 60 2.

- Load current, [ = 5.893 mA

L W/
7.071 x 120
Load voltage, V, =5803x10" x60=03536V

Load power =1Ii R; = (5.893 x 10)? x 60 = 2.084 mW.



Example 1.65. An audio-frequency transformer has the following parameters :
fa =2ﬂﬂ| I,I:Ime Rz=ﬂ.5ﬂ, 32=L‘?.925mH. M,2=M21=G.EH

Iran losses are neglected.
|¢2£E:_JL;1 transformer couples a load of 50 Q to a voltage source of 5 V whose internal resistance
o) Find the turns ratio for maximum power transfer to load.
& Compute the load voltage at the following frequencres :
f
;:MHz (LF), (ii) 5000 Hz (IF) and (iii) 15,000 Hz (HF),
ution. (a) For maximum power transfer
8
N,
2000 =|—
[NJ x 50

N,
h—r-wf_ 6.3245

il
';?*05{40; 20 2, Iy’ = (0.025) (40) = 1 mH,
L =150) (40) = =2000 Q, R, = 2000
R/ =R, +r +r) + Ry’ =4040Q
- 2020, 2020) 1010 Q
ba, ., 1040
z|=ﬂ.2H, £“‘,=£|+£2 =2 mH.

(£) At 100 Hz (LF), from Eq. (1.103),

LT | 2000 = 0.00966432
E, Va0 TR e

4(}4(}[1 + ——2“)': 1(}01-('0.2,
V, = 0.04832 V.

(i) At 5000 Hz (IF), from Eq. (1.107),
VL L 2000 _, 0782742

= Va0 4040
VLE 0.3914 V.
(iii) At 15,000 Hz (HF), from Eq. (1.108),
L 2w > - 0.0782529
T 0 o e
p 2 x 15,000 x 1 x 10~* }
3 4040

Vy = 03913 V.



EXAMPLE 3.29 A transformer has turn ratio of a = 10. The results of two open-circuit tests conducted
on the transformer are given below:

(a) The primary on application of 200V draws 4 A with secondary open circuited which is found to have
a voltage of 1950 V.

(b) The secondary on application of 2000V draws 0.41 A with the primary open circuited.
Calculate L; and L and coupling coefficient. What is the voltage of primary in part (b).

SOLUTION
(a) X, = 240 =50QL X, =2xfL,
200
L=35— 5 ~0.159H
1950 = /2 & Nofax = /2 TWhnas
W = 1?;5:: =878 Wh-T
8.7%
= _W““”‘ = =1.55H
i(max) V2x4
(b} Ey = \,.'lE ﬂ-fNE'i}max: ﬁ ?rJﬁFmax
Y g Y = 2 %042 1.55
Iz(max})
Ey = 2 mx 50% J2 x041x1.55=199.6 A
L ] = 1553 H
J2a%50 2x041 ‘
_ , 1.55
Coupling coefficient, k=

—— =0.980
SJO159 <1553



EXAMPLE 3.30 A4 150 kVA transformer 2400/240 V rating has the following parameters:

R, =020 R,=2x107
X, =0450, X>=45x107
R, =10k X, =1.6kQ (referred to HV)

Calculate the leakage inductances, magnetizing inductance, mutual inductance and self-inductances.

SOLUTION

TN, 240

0.45
X, =2nfl.l, = ETVie 10 =0.01433 mH

_ 45%107

Xy =2nfb. b = 0.01433 mH

Magnetizing inductance
27 Ly =X, = 1.6% 10°
L, =5.006 H
Self inductances
Iy =Ly —Lm
Ly =5096+ 001433 = 10 3= 5.006 H

Lo, M
a
M 0.5096

Ly=h+— =001433x 107 + ——
a 10
=0.05098 H
. M 0.5096
Coupling factor k =0.09998 = |

- JnL J5.09 x0.05098



3.61 Two coils with terminals Ty, T, and Ty, T respectively are placed side by side.
Measured separately, the inductance of the first is 1200 pH and that of the second coil is
800 pH. With T joined with Ty (Fig. 3.41), the total inductance between the two coils is

2500 pH. What is the mutual inductance? If T, is joined with T} instead of Ty, what would
be the value of equivalent inductance of the two coils?

Solution

Given L, = 1200 pH, L, = 800 pH. T\, = 2500 uH.

Let the mutual inductance between the two coils be M, then total inductance L) + L; +
2M. In the first case (refer (Fig. 3.41)

T14=L|+L2+2M
2500 = 1200 + 800 + 2M

H=%-2§0|.IH

Ly
Ly

La
Ta
T4 Tg T4

Fig. 341 Connection of two coils, 1st  Fig. 3.42 Connection of two coils, 2nd
case case

If Ty; is the total inductance in the second case, then
Tiy=Ly+L,-2M (See Fig. 3.42)
= 1200 + 800 — 2 x 250

= 1500 puH.

3.1.8. The combined inductance of the two coils connected in series is 0.60 H and 0.40 H,
depenaing on the relative directions of currents in the coils. If one of the coils, when
isolated, has a self-inductance of 0.15 H, then find: (a) the mutual inductance, and (b) the
co-efficient of coupling K.

Solution
Loagitive =Ly + Ly + 2M
0.60 =0.15+ L, + 2M (i
Lygpreaciive = Ly + Ly = 2M
0.40 =015+ L, -2M (ii)
adding equations (i) and (ii), we have
1.0=0.3 + 2L,
(1.0-0.3)
.. L: = T’ =035H

Substituting this value of L, in equation (i),
0.60 =0.15 + 0.35 + 2M
or M=005H

(b) Co-efficient of coupling, K =

M
JLL,
0.05

= — ={).218 = 0.22.

JO,ISX 0.35



_14_1,’._1_ Two coils having self-inductances of 0.3 H and 0.5 H are connected in series
across a 230 V, 50 Hz supply. What current will flow if the coupling co-efficient of the
coils is 0.457

Solution

Mutual inductance M = JL L, =045,03x05 =0.1743

When connected in series the equivalent impedance is given by
L=Li+Ly#22M =03 +05 £ 2 x 0.1743 = 1.1486 H or 0.4514.

Hence X, = 1007 x 1.1486 = 360.84 Q

or Xy = 1007 x 0.4514 = 141.8 Q

Current is, 20 A =06374 A
360.84

or 20 A 1622 A
141.8

1432 Two coils are connected in series with samie polarities and the combined induc-
tance is found to be 0.567 H. When the coils are connected in series with reverse polari-
ties then the combined inductance is 0,267 H, The self-inductance of one coil is 0.3 H.

Determine the mutual inductance and the coupling coefficient.

Solution

Let L; and L, be the self-inductances of the two coils and M the mutual inductance. Then
L+ L, + M=0567

and L +L,-M=0267

Hence Ly+L,=0417

But L, =0.3H,

L,=0417-03=0.117H

and M=0417-0267=0.15H

We know, M= K. LL, , where K is the coupling co-efficient
Hence K= —213 _ _gs.

\lo'sxn-ll? LR R RN

3.25 Three coils are connected in series. Their self-inductances are L,, L, and L,. Each

coil has a mutual inductance M with respect to the other coil. Determine the equivalent
inductance of the connection. If L, = L, = L; = 0.3 H and M = 0.1 H, calculate the
equivalent inductance. Consider that the fluxes of the coil are additive in nature.
Solution
Let the current i and v, v,, v; be the voltage across the three coils.
di di di
vp=L— +M— +M—
U T dr

di di di
=Ll — +M— +M—
T di dt

di di di
=Ly~ + M-~ +M-—
"3 3 dr di dr

1-=r|+l-z+'.'3=(l.,+L2+L3+6M)g§

*> Equivalent inductance = L, + L, + L, + 6M.
Now putting the values of L, L,, Ly and M, we have
Equivalent inductance = 0.3 + 0.3 + 03 + 6 x 0.1
=09 +06
= 1.5 H.



3.17 Two coils are connected in parallel as shown in Fig. 3.17. Calculate the net induc-
tance of the connection.

Solution
The net inductance in the given circuit

i=5amps

-

1‘1 M=
0.1H

_ L -M? v Li=02H Ly=03 H
Li+L,+2M '

02x03-(0.1)*

02+03+2x0.1

0.06-.01 0,05

- n-a:'?—-u_{']? ='ﬂ+|}714H. SaEEEES

Fig. 3.17

.24 Two coils of inductance 8 H and 10 H are connected in parallel. If their mutual
inductance is 4 H, determine the equivalent inductance of the combination if (a) mutual
inductance assists the self-inductance, (b) mutual inductance opposes the self-inductance.

Solution

It is given that

L=8HL,=10H M=4H
LL,-M*  8x10-4* 80-16

(@) L= = =
L+L,-2M 8+10-2x4 18-8

=64 H,

LL,-M*  8x10-4*  80-16

(b) L= = =
L+L,+2M 8+10+2x4 26

=246 H.

3.19  Pure inductors each of inductance 3 H are connected as shown in Fig. 3.18. Find
the equivalent inductance of the circuit.

PJWJW\‘—’WW\ g
O S

Fig. 3.18 The equivalent inductance of the circuit

Solution
Since all three are in parallel. Hence the equivalent inductance is L/3 = 3/3 = | H.



14.27 Determine the ttal energy stored in the M X

passive network shown in Fig. 14.16 at 1 = 0. o0 *
Assume K = 0.5 and terminals x and y (i) open 5 cos 15¢

circuited (ii) short circuited. bt 3H
. f
Solution oy
M=K [JLL =05 [03x3H =0.474 H. Fig. 14.16

Let us consider the two mesh currents i; and i, are flowing the clockwise direction in the
two meshes.
From Fig. 14.16, we have
iy =540° A,
(i) When x and y are open circuited i, = 0
Hence total energy stored is %L,i% = % x 03 x5 =375]).

(ii) When x and y are short circuited,
iy(1) = 5 cos 15¢ and voltage v,, across xy is 0.

di di
Hence, v =3— + n.474~j =0

=
4

or, 2 __047d g . 1sp= 2474 o 515 sin 150 = 11.85 sin 151,
dr 3 3

r
Hence iy(1) = I 11.85 sin 157 dt = -0.75 cos 15¢ (assuming zero initial point)

Energy stored is
1

[% x03x5 + 3 x3%(0.75)* +0.474 XS(-D.TS)] =28171).

14;2.8_ In the circuit shown in Fig. I41?L,—2H L,=5H and M = 1.8 H. Find the
expression for the energy stored after the circuit is connected to a dc voltage of 30 V.
Assume M to be positive.

Solution
If i) and i, be the currents in the two coils, we can write

0= hgﬁ%ﬂfﬁ @i Fig. 14.17
dr di )
0= L;%+M%l:— (i)
From Egq. (ii), we get
di M d
& L odr

. From Eq. (i), we gcl
e

dx.]=5_[ M’] di L -M*

L, dt dt L ) a L
- —-M?  2x5-(18)
The equivalent inductance = hh = 13 = 1352 H.
L 5
Solution
Current i= [ISsin%lJA

~ Voltage (instantaneous) across the resistor is [0.5 %15 sin % r) V.

ic. Vg = [7.5 sin %‘) v.
Also, voltage across the inductor is given by
di d . K T K n
=L-— =5— —_ = .—_ —_= -
v, & Sd’ (ISsm 3:) 75 3 83! [2510083:]\'.

Power across the resistor is
iR = [zmm’ %:] 05 = uz.smﬁ[%:} W.

The energy stored by the inductor is maximum when the current through it is maxi-
mum.

Current is maximum when [ezin2 %l) =1

2z 2z
ie 1 -cos ?r =20r,cosTt =-l=cos ¥

2 3
—1l =g ort==s
3 2



Hence energy stored in the inductor is maximum at ¢ = 3/2s, In another 3/25 energy

will be recovered from the inductor.
3

Hence in (% + % = 33) energy dissipated in the resistor is I(l 12.5sin* %l]df
0

3
2
- u2s !(.-m;,]d,

. 21!!
sin — .
1125 3 112.5 sin 2w
- - 3- = J5 L
> t x = 3 E 168.75 1
3 3

14.33 Write three mesh equations for the circuit shown in Fig. 14.20.

20 1F

M=3H
Fig. 14.20

Solution

The mutual inductance and the self inductances are replaced by their impedances and the
corresponding circuit is shown in Fig. 14.21.

20 a
Vi(~
2 i fﬂﬁ@ f@ 20
a0

Fig. 14.21

Applying KVL in the first mesh (lefimost mesh),
20, + jw5(iy — iy) + Jjw(iy - is) = V,
or (2 + 5jw)i, - 8jwi, + 3jwiy =V, (i)

Applying KVL in the second mesh (middle mesh),

Sjwliy — iy) + 3j@(i; — iy) + j_mﬁ + Jjwli; - i3) + Jjwli; - i) =0

or -Bjwi, + [1‘;}&3 +jTu) iy = 6jwiy =0 (i)

Applying KVL in the third mesh (rightmost mesh),
3jm|:l'3 -— l'z) + 3jm{l'| - lﬂ + gl.! = U
or Jjwi, — Gjwiy + (2 + Jjw)i; = 0. (iii)



3.20 A curment of 10 A when flowing through a coil of 2000 turns establishes a flux of
_ 0.6 milliwebers. Calculate the inductance L of the coil.

iolution
Given I=10A
N = 2000 tums
¢=0.6x10"° wb
L = to be calculated.
N¢ 2000x06x107°
We have L= —=

I 10
=0.’.2H- SRR ]

?..1’_1. Determine the inductance L of a coil of 500 turns wound on an air cored torroidal
ring having a mean diameter of 300 mm. The ring has a circular cross section of diameter
50 mm.

Solution

Given N = 500 turns
Mean diameter, D =300 mm = 300 x 10* m
I=xaD=nmx300x10"m
=0942 m
Cross-sectional diameter d = 50 mm
=50%x 10°% m

rd* _ TX(50x107)

4 4

= 1.963 x 107 m?.
For air cored torroidal ring, g, = 1 and L = is to be calculated.

A=

2
We have, inductance L = N
Reluctance
AN?
[ ..-. L - p:l yl"
!
N? N2
Sl A Reluctance
where Reluctance = S ]
Mo My A
(The concept of reluctance is explained in article 3.18 and 3.24)
xx300%107
Here Reluctance =

4rx107 x1x1.963x 10~
= 3.818 x 10* AT/Wb

[ - N2 500x500
Reluctance 3818 x 10*
= 0.000654 H

=6-5'IXIO—‘H- sammEEw



3.22 Two coils having 80 and 350 ms respectively are wound side by side on a closed
iron circuit of mean length 2.5 m with a cross-sectional area of 200 cm?. Calculate the
mutual inductance between the coils. Consider relative permeability of iron as 2700.

Solution
Given N, = 80 turns
N, = 350 turns
1=25m
= 200 em? = 200 x 10 m?
o, = 2700
Uy =4 x 107 H/m
M = to be calculated.
Ny-N, .
We have M=z — [for two coils of tums N, and N,]
Reluctance
where reluctance = ; (Ref. article 3.18)
Hy Hy -
_ 25
47 x 1077 % 2700 x 200 x 10~
= 36860 AT/Wb
. Mutual inductance (M) = 02220
utual inductance B —
36860
=0.76(]H. [ ER R NN

&:23 A solenoid 60 ¢m long and 24 cm in radius is wound with 1500 turns. Calculate:
(a) the inductance
(b) the energy stored in the magnetic field when a current of 5 A flows in the solenoid.

Solution
Given: { =60 cm=0.6m, N=1500 turns, A = rr (0.24)* m?
p=pu=4xx 107 x1,I=5A.
(a) Inductance:
p-N*-A
1

We know L=

ar x 1077 % (1500)* x xr (0.24)*
0.6

0.8534 H

]

(b) Energy stored:

We have w=Llrp

_— 2

— (0.8534) (5% = 10.67 1.

"2

LR R R R R J

3.54 Calculate the scif-mductance of an air-cored solenoid, 40 cm long, having an area
of cross-section 20 cm?® and 800 turns.
o -N*-A
/
[here we assume K = 472 % 1077 Hm™').
arx 107 x800° x20x107* ;
= — =4022x 10" H
40)(]0-" SEsEaeEa

Hints: L=




4-6 EXAMPLES
Example 4-1 (Section 4-3)

The cast steel core in Fig. E-4-1 is assumed to have constant permeability of
1.1 X 107 henrys per meter. The coil has 1200 turns. Effective dimensions
are: A; =0.003 m?,l; =0.5 m, A, =0.0034 m?,l, =0.0004 m. The flux in the
air gap is 0,003 weber. (a) Find the current in the coil. (b) Find the energy
stored in the air gap. (c) Find the energy stored in the steel. (d) Find the self-
inductance.

Solution
(a) Solve the magnetic circuit problem using a table.
Part  ¢(weber) A(m?) B(weber/m®) H(At/m) I(m) HI(At)

steel core  0.003  0.003 1.0 910 05 455
air gap 0003 00034 0884 704000 00004 281

Fig. E-4-1.

The mmf required in the coil is NI = Z HI = 736 At. The current in the coil
is/=736/1200=0.613 amp.

(b) Use Eq. 4-14 with By, =0, and restrict it to just one portion of the mag-
netic circuit. For the air gap

We = (IgAg) 3 (HyBy)
=0.0004 X 0.0034 X -;_,— X 704,000 X 0.884
=0.422 joules
(c) For the steel portion, the stored energy is
Wy = (s } (H,B,)
=05X 0.003X X 910X 1
=0.683 joules
(d) The self<inductance is given by
L =\i =Ngfi =(1200 X 0.003)/0.613 = 5.87 henrys
























3.46 A coil having a resistance of 10  and inductance of 15 H is connected across a
dec. vullnge of 150 V. Calculate: (i) The value of current at 0.4 sec after swilching on the
supply. (ii) With the current having reached the final value the time it would take for the
current to reach a value of 9 A after switching off the supply.

Solution
It is given that
Vid.c) = 150V
R=100Q
L=15H

(i) . The value of the current

R _lo
?:E l—e L -]— I—lr“‘w:H
R 10
-4
=15[.-, ]

=351 A

(i) Letus assume thatatr=1,i=9A
|

9=15x e (for decaying)

f
E-rﬂ- - i
15
taking log, in both sides,
ll Ing‘i
15 15

rltﬂ.?ﬁz SeC, - EEEE



347  For the network shown in Fig. 3.36 g ( b

(a) Find the mathematical expression for
the variation of the current in the in- Vg
ductor following the closure of the 4\, — 7= 10§
switch at r = 0 on to position ‘a’; T ohm

(b) The switch is closed on to position ‘b’
when ¢ = 100 m/sec, calculate the new L-D1H§
expression for the inductor current and )
also for the voltage across R;

(c) Plot the current waveforms for t = 0 to
1 = 200 m/sec.

A

AR=150Q

Fig. 3.36 Network of Ex. 3.47

Solution
(a) For the switch in position ‘@’, the time constant is

L_0l1
.

T = =E = |0 milli-sec{ms)

n'-
"

— -
E Ts =_l_g =g 10x 107}
10

]
.
|

™
3|
| —
>

(b) For the switch in position ‘b’ the time constant

gk Gl _a
®T Rer 15+10

v
=€ T (for decaying)

T 10

The current continues to flow in the same direction as before, therefore the voltage drop

across R, is negative to the direction of the arrow shown in Fig. 3.36. vy =i, - R = -15 x
cqﬁl x10 4y



: |

| |

|
— LN
0 20 40 60 80 100 120 140 160
—» Time (ms)

Fig. 3.37 Current profile

It will be noted that in the first switched period, five times the time constant is
50 m/sec. The transient has virtually finished at the end of this time and it would not have
mattered whether the second switching took place then or later. During the second period
the transient took only 25 m/sec.

(c) The profile current waveform has been plotted in Fig. 3.37.

348 For the network shown in Fig. 3.36 (Ex. No. 3.47) the switch is closed on the

position ‘a’, Nexlt, it is closed on to position ‘A" when T = 10 ms. Again, find the
expression of current and hence draw the current wave forms.

Solution :

For the switch in position ‘a’, the time constant T is 10 m/sec as in Ex. No. 3.47, and the
current expression as is before. However, the switch is moved to position ‘b’ while the
transient is proceeding. When ¢ = 10 m/sec.

L 10x10 AL
i=ll-e (VRS (U 1.0 -0 10x1073 10t e -
0.632 4= —=—~= -
=(1-¢")=0.632 A :
i.e., the second transient commences I G
with an initial current in R of 0.632 A. ! .
. The current decay is, i, = 0.632 x 0 10 > (ms)
] I )
- ]{}—3 A. which is shown in Fig. 3.38. HE 3.38



3.49 A d.c. voliage of 150 V is applied to a coil whose resistance is 10 £2 and induc-
tance is 15 H. Find: (i) the value of the current 0.3 sec after switching on the supply; (ii)
with the current having reached the final value, how much time it would take for the
current to reach a value of 6 A after switching off the supply.

Solution

(a) Itis given that
V=150V, R=100Q,L=I15H
~. The value of the current 0.3 sec after switching on is

—EXBJ
i=£ﬂ[l-¢'5 =272 A,

(b) After switching off the supply, the current will be decaying and is given by

R 10
.,V ==t 150 -—-xt
= —¢ L o ﬁ = —¢8 15
"R 10
t=1.375 sec. .

3.50 A coil of resistance 24 £ and having inductor 36 H is suddenly connected to a d.c.
of 60 V supply. Determine

(a) the initial rate of change of current (%]

(b) the time-constant

(c) the current after 3 sec.

(d) the enrgy stored in the magnetic field at r = 3 sec.
(e) the energy lost as heat energy at f = 3 sec.

Solution

Itis given that: V=60V, R=24Q, L=36 H
(a) Imtial rate of change of current:

v
L
When r=0,
v
L

- e’ = — = — = |.67 Alsec:
L =



(b)) Time constant {1 ):
. Fih

T = R-EA_- = 1.5 sCccC.
() Current; the currenit at §F = 3 scc is
_ = 24 .3
f=-v-[1—.r 1—']= c!q(l—r e = 2.16 A.
Fi- Z3
{dyr Encrgy storcd:
ax r = 3 =ec, the energy stored in the magnetic fMeld is % Li?

= ’? x 36 % (Z.16)> = 84 J.

i) Encragy lost as heal energy:
at r = 3 scec. the cnecrgy lost as heat cnergy is

i R o= (2,16 = 24 = 112 J.

3.51 If the vertical component of the earth’s magnetic field be 4.0 x 105 Wb m™2, then
what will be the induced potential difference produced between the rails of a meter-gauge
running north-south when a train is running on them with a speed of 36 km h™'?

Solution

When a train is on the rails, it cuts the magnetic flux lines of the vertical component of
the earth’s magnetic field. Hence, a potential dfifference is induced between the ends of
its axle,

Distance between the rails = | m; speed of train (v) = 36 km/hr = 10 m/sec. Magnetic
field By, = 4.0 x 10 Wh/m. .. The induced potential difference in e = Bvl = (4.0 x 1079
X]UX|=4.GXIG_“V. TR

3.52 The current in the coil of a large electromagnet falls from 6 A 10 2 A in 10 ms. The

induced emf across the coil is 100 V. Find the self-inductance of the coil.

Solution

The self-induced emf is givcn by
]
€= dt
Here di=2-6=-4A
dt = 10 ms = 107 sec
and e= 100V

_dr 1072
= ed! 100 x 2 =0.25 H.



3.53 The current (in ampere) in an inductor is given by { = 5 + 16¢, where 7 is in
seconds. The self-induced emf in it is 10 mV. Find (a) the self-inductance, and (b) the
energy stored in the inductor and the power supplied toitatr= 1.

Solution
The induced emf in the inductor due to current change is

di
L—
lel = ar
. _ lel
'  dildi
Hence i =5+ 16¢, from this, we have
% =0+16=16Asec’ . ande=10mV =10x 107V
10107V ,
L= — = (.666 x 10~ H = 0.666 mH
15 A sec™

(b)  The current at ¢ = | sec is
i=5+16r=5+16x1
=21 A
- Energy stored in the inductor is

%LF = -;- x (0.666 x 107%) x (21)

=137.8x 107 = 137.8 mJ
Power supplied to the inductor at r = 1 sec is
P:If:[lﬂxlﬂ'3V}x21=ﬂ.2lw. TN

3.55 A solenoid of inductance L and resistance R is connected to a baitery. Prove that
the time taken for the magnetic energy to reach 1/4 of its maximum value is L/R log (2).

Solution
The growth of current in an LR circuit is given by

R,
I=ly|1-¢ L (i)

where [ is the maximum current. The energy stored at time 7 is

u=—I—H:
2



We are required to find the time at which the energy stored is 1/4 the maximum value,

ie '.1hrl'||.':11|.|=“i‘w.rhl:n“:n!=--l-4£.|"1
% o= SL-

: l,p_ 1 .!.ul] b
1.e., EU—4(2 0 or I= 5

= Using the equation 1, we have

l=[-t--f-'-!
2
R
or EHE: =l
2
or —-'E-.' = log, 1 - log(2)
L 2
L
o = —log, (2
=2 og.(2)

3.62 A coil has a resistance of 5 € and an inductance of 1 H. At £ =0 it is connected to
a 2 V battery. Find (a) the rate of rise of current at 7 = 0; (b) the rate of rise of current
when i = (.2 Amps and (c) the stored energy when i =0 and i = (.3 A.

Solution

ﬁ—E -% - =5
@ d‘;_Lf = e

atr=10, ﬂ- = 2 Alfsec.
dt

.=£ s
(b) i R“ )

=0.4(1 - ™)
time f; wheni=0.2 A is

02=04(1-¢3%)

or 1, = 0.1386 sec.
di _ ., s136)
@ 2e

=1 Alsec



(c) Ati=0, stored energy =0
when i = 0.3 A, stored energy

_1lya_ 1 2 _
= EL: =5 x 1 x(0.3)° =0.045 ).



