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Al.1 INTRODUCTION

Transformer is very important static power system equipment in service for
more than a century having highest efficiency. However, of late, the
performance of distribution transformer has become critical duevto mounting
failures. The comforts of new era and super refined control of various power
operations is the boon from advancements of power electronics. However,
same has added the worst of distortions to the input voltage to transformer
and huge harmonics of unprecedented magnitude in the load cufrent supplied
by the transformer. Therefore, trahsformers have become vulnerable; their
losses have mounted manifold resulting in very poor efficiency and reduced

- life.

At the same time, advents of new material and improved core configurations
have made it possible to find solutions to the problem. Amorphous magnetic
material and wound delta core configuration are typical examples which have

offered specific advantages.

It is well known that fransformers with amorphéus core material are having
" no load losses lower by 70-80% as compared to transformer with CRGO core
at normal power frequency operation. Due to more luxuries and comforts
being added through electronics and digital communications, the use of non-
linear load world-wide has grown up from less than 5% in 1990 to’ greater
than 50% in 2000. Situation in India is not much different at present.
Therefore, utilities in Japan have noticed the increase in losses while supplying
vnonlinear load. HoWever they have noticed that increase is much more in the
case of CRGO core transformers. The increase in load losses due Ato non-
linearity in load current can be evaluated using K-factor, which is well defined
in IEEE C57.110-1998. However, the increase in no-load losses due to non-

linearity in supply voltage has not been emphasized yet properly.
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Based on previous experience through experiments, specific transformers were
designed and got manufactured having identical coils losses with CRGO and
Amorphous Metal cores with 25 kVA 11000/433 Volts, three phase transformer &
10 kVA, 11000/240 Volts rating. This helped to assign the increase in losses to core
and eddy current losses. Authors have measured no-load losses of 10 kVA,
11000/240 Volts rating CRGO and Amorphous Core Transformer {AMT) having
identical coil at different frequencies and flux densities. Dedicated and
sophisticated equipment is identified having measurement accuracy of 0.03% .
over entire frequency range of interest. A new mathematical model is developed
at author’s laboratory for evaluation of transformer core losses in situation where

* supply voltage is distorted.

Al.2 MATHEMATICAL MODEL DEVELOPED AT ERDA
- LABORATORY

ERDA has developed a simple method to find the empirical constants required to
- evaluate core losses of a distorted Voltage Fed Transformer through experimental
results taking only design value of flux density as input. The mathematical model

so developed is:
W=K.B.f+K,B°f" | | (1)
‘Where W is the fotai iron loss,
Bs is thé specified flux densify,
fis the applied power frequency
Ky, K5, p, g and m are the constants found out experimentally.
For a given design, the empirical co-efficient so derived in above mathematical

model through sets of experiments are valid for particular design & rating of
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transformer with any given situation having different combinations of voltage and

current distortions.

The above mathematical model is independent of design variables like mass,
specific resistance, density, thickness of lamination, coefficient of hysteresis

loss, etc. used in theoretical formula.

Al3 CORE LOSS ANALYSIS OF TRANSFORMER WHILE FED
" FROM NON-SINUSOIDAL SUPPLY VOLTAGE |

The core loss is measured using 0.03% accurate Power Analyzer at 50, 60, 70,
80, 90 & 100 Hz by maintaining rated. flux density and half the rated flux
density. ' ‘ k

Thevmath'ematical model used is:
W=K.B' f+K,B2f" (1)
Iron loss = Hysteresis loss + Eddy current loss
Where W is the total iron loés,
" By is the specified flux density,
fis ’d?'e applied freq;xency
Ky, K5 P, Qand m aré tﬁé constants found éut expéfimentaliy.
Equation 1 can be rewritten as

W=Af+Bf" ’ (2)

Where
A=K,.B | | ' (3)
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B=K,.B? (@)

Dividing equation (2) by f we get

~|=

=4+B.f" (5)

So, if equation (5) is plotted and the constants A & B are found from proper
- curve fitting,'the value of m is calculated by substituting the values of A and B

in equation (5).

A different sets of experiment with half the rated flux densities were done at |
" . same set of frequencies as mentioned above to obtain two different values of
constant A; A; (at rated flu; density B;) and A, {at half the rated flux dehsity
Bsz) and constant B; B, (at rated flux density B,;) and B, (at half the rated flux

density B;,), which is obtained from equations (3) and (4) as

 4,=K,.B : | (6)
-Az =K,.B), | (7)
B =K,B? | . (@)
B,=K,.BS | - (9

Taking ratio of equations {6) and (7} we get
4 _[B.]
AZ Bs?.

Ln(:g'—]
CP=| 2l : ' (10)
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Taking ratio of equations (8) and (9) we get
5 _[8,]
Bz Bs2

S Q| 2l (11)
)
Ln} ——
Bs2
kKl and K, are calculated using equations for A; equation no (6) & and B;

equation no (6).

Now, various constants like Ki, K5, P, Q & m have been found. F!ﬁx densities
corresponding to each individual harmonic voltages and frequency are found
out. Eddy current and hysteresis loss is found out by substituting the values of
flux densities and abové constants in the formula for each individual harmonic
| frequency. The total core loss is found out by summing up the obtained eddy

current loss and hysteresis loss.
Al.3.1  RESULTS

The core loss is measured at different frequency by maintaining rated flux density at
V/f=4.8 & 2.4 for Three phase transformer and graph plotted between W/f and fis

as shown below

CRGO, 3 @, 25 kVA, 11000/433Volts

ForV/F | 8.66 3.01
X 2.51 /
4Freq inHz | W/f mil 201 M
50 1.75 2.00 .
F151

60 1.87 2.00 y= 0.014550%x +0.991785

1.01
70 2.04 2.00 ' W/A=B {4 a

0.51 ‘




80 2.20 2,00
90 232 2.00
100 248 2.00
Avg 2.00
V/F 4.8 . 081
. 0.71 .
" | FreqinHz | W/f ml 0.61 /M
50 047 | 200 051 e _
‘ $o041 :
60 0.52 2.00 = y = 0.004573x+0.240840
0.31
70 0.56 2.00 WiH=B f -4
: 0.21
80 0.61 2.00
011
S0 0.65 2.00 1 001 : ‘
100 0.70 '2.00 50 .70 Hz €0 110
A\Ig 2.00 Serjasl Lingar {Seriasl)

Similarly From the above graph the values of A1, A2, B1, B2 and m is obtained

_for CRGO three phase transformer as explained earlier in the methodology.

Flux ) 154 (as per design}
Density
Al A2 B1 B2 p q ml m2 K1 K2
0.9918 | 0.2408 0.0150 0.0046 2.3985 2.0074 2,0000 1.9999 0.0056 0.0002
0.0855 0.0019
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Al4 LOAD LOSS ANALYSIS OF TRANSFORMER  WHILE
SUPPLYING NON-SINUSOIDAL LOAD CURRENT

The transformer is characterized to find out load loss and ohmic {R) loss at

linear load condition.

The stray loss is determined by subtracting I°R loss from load loss. This stray
loss comprises of winding eddy current loss and other stray losses. The
winding eddy current loss is taken to be 33% of total stray loss & remaining

being other stray loss.

!

Harmonic loss factor F,, ;. for winding eddy current loss is determined as

. given below.
h=h .«
2 22
Sk
- h=l
F, HL-EC ™ =B

Where /,, is the individual harmonic current and h is the harmonic order.

Harmonic loss factor F,, ., forother stray loss is determined as given below.

Be=h e
> Lh°
Fy s = %ﬁ;—“
2L
b=l

The loss density is given by -

h=h o 2
Py(pu)= ), (1—") .X , where X is the per unit loading.

h=hy 1

The °R loss at linear load condition is multiplied with P, (pu) to obtain /°R loss

at non-linear load condition.
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The winding eddy current loss at linear load condition ‘is multiplied with
By (puw) and F, .. to obtain eddy current stray loss at non-linear load

condition.

The other stray loss at linear load condition is multiplied with P, (pu) and

Fy o tO qbtain other stray loss at non-linear load condition

" The addition of thus obtained:lzR loss, winding eddy current loss aﬁ’d other

stray loss results in total increased load loss at non-linear load condition.
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Al4.1.1 CRGO TRANSFQRMER 3% 25 KVA, 11/0.433 KV, 50

HZ, OIL COOLED:

1. Linear losses at rated condition and 75 °C

PARAMETER HV LV HV v

VOLTAGE(Volts) 11000 433 '

CURRENT {(Amps) 1.31 33.33

MEASURED RESISTANCE () AT 30.5°C 75°C

1U-1V(HV}//2U-2V(LV) 107.36 0.12 125.39 0.14 n
IV-1W(HV)//2V-2W{LV) 106.92 0.12 124.87 0.14 0
IW-1UHVY//IW-1U{LV) 107.62 0.12 125.69 0.14 0

MEASURED RESISTANCE PER PHASE | 160.95 0.058728 | 187.9775 | 0.06858 | O

INO ’

NG LOAD LOSSES 85.1 w

LOAD LOSSES AT 75°C 565 WATTS AT 75°C
TOTAL

I’R LOSSES 277.12 195.77 323.65 228.65 w
TEMPERATURE, °C 30.5 75

TOTAL 12R LOSSES 472.89 552.30 WATTS AT 75°C

‘STRAY LOSSES & EDDY LOSSES 12.70 WATTS AT 75°C
EDDY CURRENT LOSSES 4.19 WATTS AT 75°C
OTHER STRAY LOSSES 8.51 WATTS AT 75°C
SUMMARY

TEMPERATURE, °C 75°C

NO LOAD LOSSES 85.10 w

IR LOSSES 552.30 W

STRAY & EDDY LOSSES 12.70 w

EDDY CURRENT LOSSES 419 W

OTHER STRAY LOSSES 8.51 W

TOTAL LOSSES 650.10 W
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2. Measured Data at Site

Output

Input )
U-1-Total 10198.00 U-3-Total 389.50
U-2-Total 10195.60 U-4-Total 390.60
I-1-Total 1.07 I-3-Total 25.97
-2-Total 0.95 1-4-Total 26.40
P-1-Total 3898.20 P-3-Total 9535.30
P-2-Total 9168.80 P-4-Total 3130.20
S-1-Total 10901.60 S-3-Total 10114.20
S-2-Total 9714.30 S-4-Total 10312.30
Q-1-Total 10180.90 Q-3-Total -3372.90
Q-2-Total -3209.40 Q-4-Total 9825.70
PF-1-Total 0.36 PF-3-Total 0.94
PF-2-Total 0.94 PF-4-Total 0.30
p-SigmaA-Total 13066.90 P-SigmaB-Total 12665.50
S-SigmaA-Total 17853.90 S-SigmaB-Total 17689.80
Q-SigmaA-Total 6971.40 Q-SigmaB-Total 6452.80
FreqU-1-Total 49.88
Losses at Site condition
TEMPERATURE, °C 45
NLL at 390 Volts 6282 W
IR 498.77 W
STRAY & EDDY LOSSES 14.06 W

.| EDDY CURRENT LOSSES ' 4.64 W
OTHER STRAY LOSSES 9.42 W
TOTAL LOSSES 575.65 W

Input Power Output Power Difference

13066.90 12665.50

401.40
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3. Harmonic Analysis of Input & Output Voltage & Current

input Qutput Input Output
3 3 3 g s |28l |8l |8 8|8 |3
s |2 |5 |8 |5 |8 |5|8 |5 |2 |5 |5 |=|5 1|5
g |2 |2 |2 2|2 o2 |18l |8« |gletd |a
E 1% |8 1% |8l |5 s |B ||| |55 |3
e > X > x® = =X > =® o = o R fx) = o X
1 101704 | 100 101665 | 1000 3853 100.0 3875 100.0 102 10,0 0.80 100.0 24,73 100.0 251 100.0
2 4.0 0.0 4.8 0.0 04 0.1 0.3 0.1 0.0 » 06 0.0 10 0.1 0.3 0.1 Q5
3 63.0 0.6 243 0.2 12 0.3 3.7 1.0 % 54 c.o 24 1.3 5.2 1.6 6.5
4 14 0.0 08 0.0 (153 0.0 01 0.0 0.0 02 8.0 0.3 0.0 0.1 .QO a2
5  8675.6 8,6 654.6 8.4 y 39,5 10.2 374 9.6 0.2 223 0.2 24.8 58 ‘ 238 57 228
6 6.5 01 2.7 c.o Q.2 0.1 0.3 01 00 0.2 0.0 0.2 70.0 0.2 00 0,2
7 1999 2.0 2348 23 217 5.6 20.7 53 0.1 4 o1 147 |31 126 | 32 127
8 3.1 0.0 5.1 01 0.3 0.1 03 0.1 00 01 a0 0.2 VDLO 0.0 Q.0 0.1
g- 44.8 04 103 0.1 .5 04 23 0.6 0.0 :‘1.6 1 0.0 0.7 0.3 . 14 0.4 1.5
10 0.8 0.0 27 G.C 02 0.1 01 0.0 [+ 2] 01 . ¢.0 0.1 0.0 o1 0.0 0.0
11 2234 22 2023 2.0 16.7 4.3 152 3.9 a1 5.8 [ 6.1 1.5‘ 6.1 14 5.6
12 30 0.0 2.3 6.0 01 0.0 a3 (25 Q.0 01 0.0 [1X] - 0.0 0.0 0.0 01
13 1393 1.4 1816 18 14.2 3.7 133 ) 34 0.0 3.3 0.0 4.8 18 38 0.8 3.6
14 14 0.0 2.6 o0 0.2 0.1 0.2 0.1 0.0 0.0 0.0 01 .0 0.0 00 0.0
15 a4zl 04 107 (¢33 1.3 0.3 23 O.é c.0 0.9 0o - a3 0.2 a7 0.2 0.8
16 0.4 0.0 13 0.0 0.2 0.1 04 0.0 00 | 00 0.0 0.0 q.b KD 0.0 0.0
17 1211 1z 109'.1 11 99 2.6 8.2 z1 0.0 23 0.0 24 0.6 25 o5 2.1
;I.B 2.6 0.0 28 o.0 0.1 0.0 0.2 01 [+X+] 0.0 0.0 0.0 0.0 0.0 0.0 . 0.0
19 94.5 09 1419 i4 10.6 27 94 2.4 [¢X¢] 1.3 [eX] 24 0.4 17 [+ X-3 1.5
20 21 0.0 34 6.0 0.2 01 Q.2 Q.1 0.0‘ 0.0 [sXd] 0.0 .0 ) 0.0 G0 0.0
21 44.3 0.4 141 3.1 14 04 24 (X1 00 0.6 G0 03 01 8.5 o2 a6
22 1.3 8.0 1.4 0.0 0.2 0.1 0.1 0.0 0.0 0.0 o0 0.0 0.0 0.0 [eX¢} 0.0
23 757 0.7 720 0.7 69 18 5.0 1.3 0.0 1.2 O.b 1.3 - 0.3 13 0.2 1.0
24 2.5 0.0 2.2 O.d 0.1 0.0 0.2 0.1 a0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
25 51.3 0.5 1051 1.0 79 20 61 16 O.d 086 0.0 1.3 0.2 4.8 0.1 0.6
2
LIRE g . ,
= =) . =) o o0 = m = ot o 2 & o N o o
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4, Calculation of K- Factor
CALCULATION OF HARMONIC LOSS FACTOR & K-FACTOR
Harm.No | Current | (hj11) | b (/Y | (B0 | ho.8 /I3 | (n/RY ] GRARE. | (B/IRVE | OWIRPCE | Gny
0] '
h - Amps
1 2473 | 1.00 1.00 1.00 1.00 1.00 1.00 0.74 0.55 0.55 055 | 61175
2 0.08 0.00 4,00 0.00 0.00 174 0.00 0.00 0.00 0.00 0.00 0.01
3 1.29 0.05 9.00 0.00 0.02 241 0.01 0.04 0.00 0.01 0.00 1.65
4 0.02 .00 1600 | 0.00 0.00 3.03 0.00 0.00 0.00 0.00 0.00 0.00
5 5.88 0.24 2500 | 0.06 141 3.62 0.21 0.18 0.03 0.78 0.11 34.62
6 0.04 0.00 3600 | 0.00 0.00 413 0.00 0.00 0.00 0.00 0.00 0.00
7 3.12 0.13 49.00 | o002 0.78 474 0.08 505 0.01 0.43 0.04 9.72
] 0.01 0.00 6400 | 0.00 0.00 528 600 0.00 0.00 0.00 0.00 0.00
9 034 0.01 8100 | 0.00 0.02 5.80 0.00 001 0.00 0.01 000 012
10 0.02 0.00 100.00 | 0.00 0.00 631 0.00 0.00 0.00 0.00 0.00 0.00
11 151 0.06 121.00 | 0.00 0.45 6.81 0.03 0.05 0.00 0.25 0.01 2.27
12 0.01 0.00 144.00 | 0.00 0.00 7.30 0.00 0.00 0.00 0.00 oo | oco
13 0.95 0.04 169.00 | 0.00 0.25 7.78 0.01 0.03 0.00 0.14 0.01 0.90
14 0.00 0.00 196.00 | 0.00 0.00 8.26 0.00 000 | 0.00 0.00 0.00 0.00
15 017 0.01 22500 | 0.00 0.01 8.73 0.00 001 0.00 0.01 0.00 0.03
16 0.01 0.00 256.00 | 0.00 0.00 9.19 0.00 0.00 0.00 0.00 0.00 0.00
17 061 0.02 289.00 | 0.00 0.17 9.65 0.01 6,02 0.00 0.10 0.00 0.37
18 001 | 000 324.00 | 0.00 0.00 1010 | 0.00 0.00 0.00 0.00 0.00 0.00
19 0.43 0.02 361.00 | 0.00 0.11 1054 | 0.00 0.01 0.00 0.06 0.00 0.19
20 0.00 0.00 400.00 | 0.00 0.00 1059 | 0.00 0.00 0.00 0.00 0.00 0.00
21 0.12 0.00 441.00 | 0.00 001 11.42 | 0.00 0.00 0.00 0.01 0.00 - 0.01
22 0.01 0.00 484,00 | 0.00 0.00 1186 | 0.00 0.00 0.00 0.00 0.00 0.00
23 0.31 0.01 52900 | 0.00 0.08 1229 | 0.00 0.01 0.00 0.05 0.00 0.10
24 0.00 0.00 57600 | 0.00 000 1271 | 0.00 0.00 0.00 0.00 0.00 0.00
3 0.23 0.01 625.00 | 0.00 0.06 1313 ] 0.00 0.01 0.0 0.03 0.00 0.05
5 2573 | 1.61 1.08 238 134 0.77 0.60 2.41 074 661.79
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‘5. Calculation of Core Loss Due to Distortion in Supply Voltage

Viup 13.817 Bs= 154000 | atV/f= | 8.80000
vrms 389.36 k1= 0.00559 k2= 0.00020
Frequency | 49.995 Hz m= 2.00003
‘ p= 2.39854 9= 2.00736
No. Voltage(V) » Frequency(Hz) v/f B, k1B, k2B" | Calculated Loss
1 375.10 50.00 7.58 1.33 36.06 28.62 64.68
2 0.30 99.99 0.00 0.00 0.00 0.00 0.00
3 1.10 149.99 0.01 0.00 0.00 0.00 0.00
4 0.10 199.98 0.00 0.00 0.00 0.00 0.00
5 42,10 249.98 0.17 0.03 0.02 0.34 0.36
6 0.20 299.97 0.00 0.00 . 0.00 0.00 0.00
7 23.30 349.97 0.07 0.01 0.00 0.10° 0.11
8 0.20 399.96 0.00 0.00 0.00 0.00 0.00
9 1.40 ~ 449.96 0.00 0.00 0.00 0.00 0.00
10 0.10 499.95 0.00 0.00 0.00 0.00 0.00
11 16.60 549.95 0.03 0.01 0.00 0.05 0.05
12 0.20 599.94 0.00 0.00 0.00 0.00 0.00
13 14.30 649.94 0.02 0.00 0.00 0.04 0.04
14 0.10 699.93 0.00 0.00 0.00 0.00 0.00
15 1.20 749.93 0.00 0.00 0.00 0.00 0.00
16 0.00 799.92 0.00 0.00 0.00 0.00 0.00
17 9.60 - 849.92 0.01 0.00 0.00 0.02 0.02
18 0.20 899.91 0.00 0.00 0.00 0.00 0.00
19 10.50 949.91 0.01 0.00 0.00 0.02 0.02
20" 0.20 999.90 0.00 0.00 0.00 10.00 0.00
21 140 1049.90 0.00 0.00 0.00 0.00 0.00
22 0.10 1099.89 0.00 0.00 0.00 0.00 0.00
23 6.70 1149.89 0.01 0.00 0.00 0.01 0.01
24 0.20 1199.88 0.00 0.00 0.00 0.00 0.00
25 7.40 1249.88° 0.01 0.00 0.00 0.01 0.01
Calculated Power (W) 36.08 29.22 65.30
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6. Loss Calculation Summary

EDDY CURRENT HARMONIC LOSS FACTOR = 4.05
STRAY LOSSES HARMONIC LOSS FACTOR = 124
K-FACTOR FOR EDDY CURRENT= 241
K-FACTOR FOR STRAY LOSSES= 0.74
Loading } 0.77
Pil(pu) 1104
Pli{pu) at Particular Loading | 0.62
Temp Correction Factor
Rated loss | Linear Harmonic | Computed | Measured | Deviationin %
AT 75°C Loss at | Multiplier | Losses Losses

Actual ' |

Loading

at45°C
No Load Losses 85.10 62.82 65.30 ’ 8.28
I’R Losses 552.30 308.97 -1 308.97
Winding Eddy Losses 4.18 2.87 4.05 11.63
Other Stray Losses 8.51 5.84 1.24 7.22
Total Losses 650.10 380.50 393.12 401.40 211
DIFFERENCE(Non - linear- 20.30 5.49
linear)
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