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Abstract 
Amorphous-core distribution transformers are energy efficient transformers, they are in developing stage. In 
case of amorphous-core transformers, high cost is a problem for a designer. Overall cost of an amorphous-core 
distribution transformer is 20 to 30 percent higher than that of a conventional transformers; in conventional 
transformers cold rolled grain oriented steel (CRGO) is used as a core material. Cost of a transformer depends 
on different design parameters; the shape and size of a core cross-section are significant parameters among 
them. Here, some investigations are being presented on a 400 KVA distribution transformer with different types 
of core cross-sections for amorphous-core and amorphous-CRGO cores, in terms of cost, efficiency and Break-
even point. It has been shown that, with 4-stepped amorphous-CRGO core, the cost of the transformer reduces 
and Break-even point also comes lower. 
__________________________________________________________________________________________ 
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INTRODUCTION 
A transformer is a static electric device consisting of 
a winding, or two or more coupled windings, with or 
without a magnetic core. Transformers are 
extensively used in electric power systems to transfer 
power by electromagnetic induction between circuits 
at the same frequency. Transformers are one of the 
primary components for the transmission and 
distribution of electrical energy. Transformers with 
power ratings up to 2.5MVA and voltage up to 36KV 
are referred to as distribution transformers, while all 
transformers of higher ratings are classified as power 
transformers. Distribution transformers are used in 
the distribution networks in order to transmit energy 
from the medium voltage network to low voltage 
network of the consumers.  
 
Distribution transformers are energized for 24 hours 
with wide variation in load; therefore they are 
designed for low no-load losses (Say M.G. 1977). No 
load losses are also called iron losses or core losses. 
Core losses depend on type of materials used in core 
and flux density for which a core is designed. At 
present, in distribution transformers CRGO steel is 
used with a flux density up to 1.55 Tesla. For high 
value of flux density core losses increased 
considerably. From past few years amorphous alloy is 
being considered as a substitute of CRGO steel as it 
exhibits low losses, low magnetizing current and less 
magnetostriction. However the limitations with 
amorphous alloy are low saturation limit, more 
hardness and high cost (Nicols DeCristofaro 1998, 
Bendito et al 1999, Boyd E.L. 1984). The core losses 
in an amorphous alloy are about 1/10 of losses in 

CRGO steel; therefore for distribution transformers, 
amorphous alloy is a better core material as compared 
to CRGO steel. The trend of energy efficient 
machines is increasing day by day because of power 
crisis in the world. Amorphous core transformers are 
energy efficient transformers with increased costs; 
the cost of amorphous core transformers is higher 
than that of conventional CRGO core transformers  
(Puneet K singh 2010). At present, because of high 
cost, the customers of amorphous core transformers 
are limited in India and abroad. Today there is a need 
to reduce the cost of amorphous core transformers by 
a proper design. 
 
 DESIGN CONSIDERATIONS  
Cost of a transformer depends on cost of core, cost of 
winding and manufacturing cost. Costs of core and 
winding are affected by shape and size of cross-
sectional area of core; for larger cross-sectional area 
of a core, costs of the core and winding are higher, 
but the core losses are less. A core having square or 
rectangular cross-section is called 1-step core. For 
square or rectangular cross-section of a core, cost of 
core is lower but the cost of winding is higher, than 
that of circular multi-stepped cross-section of core.  
Selection of number of steps in a core depends on 
KVA rating of transformer. As the rating of 
transformer increases, the number of steps in a core 
increases. For more number of steps, the diameter of 
circumscribing circle reduces for an iron area of the 
core, so cost of copper winding reduces, and copper 
losses are also reduced. However, with the increase in 
number of steps, the assembly cost of the core 
increases. Therefore for low rating transformers 
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(below 25 KVA), the square section of the core is 
economical and for medium and large rating 
transformers multi-stepped CRGO core is 
economical. For 400 KVA CRGO-core distribution 
transformers, 4-stepped core is adopted by the 
manufacturers (Sawhney A.K. 2006, BHEL 2009). 
On the other hand, for the amorphous-core 
transformers of medium and large ratings, the square 
or rectangular section of core is adopted by 
manufacturers (Schulz R. et al 1998, Lee Ji-Kwang 
1999)), the reason is the higher  cost of amorphous 
alloy as compared to CRGO steel. 
 
The cost of a transformer is also assessed as Total 
owning cost (TOC) (Amoiralis et al., 2009). TOC is 
sum of initial cost of a transformer and cost of energy 
losses during operation. For low TOC, the losses in a 
transformer should be low. As the time passes, the 
TOC increases. Amorphous-core transformers have 
higher initial cost with a reduced cost of energy 
losses; therefore they become economical after a 
certain period of time. For medium and large rating 
transformers electromagnetic forces on the windings 
must also be considered as they are very high (Martin 
J. 1998). Radial electromagnetic forces on the 
winding are proportional to square of the current (Fr 
α I2). For square section of core, the shape of the coil 
is also square, for which radial electromagnetic forces 
are not uniform around the periphery of the coil. Non 
uniform radial electromagnetic forces may distort the 
shape of a coil in a transformer. Therefore square or 
rectangular section of core is not advisable for 
medium and large rating transformers. For a multi-
stepped core, the shape of the coil is circular, and the 
radial electromagnetic forces are uniform around 
periphery of the coil. 
 
DESIGN WITH CONVENTIONAL 4-STEPPED 
CRGO-CORE (CCDT) 
Winding arrangement in frame of a transformer is 
shown in Figure-1a. The cross-sectional view of 4-
stepped core is shown in Figure-1b. 
 
Core Design 
Voltage per turn, Et = K√Q volts           (1) 
Q is KVA rating of transformer. 
K = Output constant (according to problem) 
Et = 4.44 ƒ.Φm volts                (2) 
Φm = Et / (4.44 ƒ)  
We know that, Φm = Bm.Ai 
Ai = Net Iron Area of core = Φm / Bm 
Bm = 1.55 wb/m2 (according to problem) 
For 4-stepped core, Diameter of circumscribing circle   
d = √(Ai/0.62); 
Dimensions of different steps for 4-stepped core are: 
a = 0.92d,  b = 0.78d,  c= 0.60d   and   e=0.36d. 
 
Window Dimensions 
Window space factor Kw = 10/(30+KV), here KV is 
voltage of high voltage (HV) winding in kilovolts. 

Rating Q = 3.33 ƒ.Bm.Ai.(Kw.Aw .δ).10-3 KVA,   (3) 
δ is current density, f  is the supply frequency. 
Generally, (Hw / Ww) = 2 , here Hw and Ww are the 
height and width of window. 
Window area, Aw = Hw x Ww 
Distance between adjacent core centers, D = Ww + a 
 
Yoke Design 
The area of yoke (Ay) is taken as 1.2 times that of 
core or limb to reduce the iron losses in yoke. 
Ay = 1.2 x Ai 
Flux density in yoke  
By = Φm / Ay = (Bm.Ai) / Ay; 
Net area of yoke = stacking factor x gross area of 
yoke 
Net area of yoke = 0.9 x gross area of yoke 
Depth of yoke, Dy = a 
Height of yoke, Hy = gross area of yoke / Dy 
 
Overall Dimension of Frame 
Height of frame H = Hw + 2Hy 
Length of frame W = 2D + a 
Depth of frame = a 
 
Winding Design 
Turns per phase (T) = voltage per phase / Et 
Current per phase  (I) = (KVA per phase. 1000)/ 
voltage per phase. 
Cross sectional area of conductor = I / δ. 
Clearance=5+0.9KV 
D1=d+2.Clearance;      D2=D1 + 2.width of winding;   
D3=D2+2.Clearance;    D4= D3 + 2.width of 
winding; 
Mean length of turn for low voltage winding (Lmt)lv 
= π (D1+D2)/2 
Mean length of turn for high voltage winding (Lmt)hv 
= π (D3+D4)/2  
Height of winding (Lc) = Hw-2.Clearance 
Winding resistance=(specific resistance).(Mean 
length of turn).(Turns)/Cross sectional area of 
conductor 
 
DESIGN WITH SQUARE SECTION OF 
AMORPHOUS-CORE (AMDTS)   
Sectional view of core and winding are shown in 
Figure-2. 
 
Core Design 
Used square section of core having Ai = stacking 
factor. l2 
Here l is the side of square section 
 
Window Dimensions 
Same as in case of CCDT 
Distance between adjacent core centers, D = Ww + l 
 
Yoke Design 
Here, there is no need to take the cross-sectional area 
of yoke higher than that of core because the losses in 
amorphous alloy are very less as compared to CRGO 
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steel. Higher cross-sectional area increases cost of the 
yoke. 
Ay = Ai 
Depth of yoke, Dy = l 
Height of yoke, Hy = Ay / Dy 
 
Overall Dimension of Frame 
Height of frame H = Hw + 2Hy 
Length of frame W = 2D +l 
Depth of frame = l  
 
Winding Design 
D1=  l  + 2.Clearance;  D2=D1 + 2.Width of winding;   
D3=D2 + 2.Clearance; D4= D3 + 2.Width of 
winding; 
Mean length of turn for LV winding= 2.(D1+D2); 
Mean length of turn for HV winding =2. (D3+D4);   
 
DESIGN WITH 4-STEPPED AMORPHOUS-
CORE (AMDTMS) 
Sectional view of winding and core are same as in 
case of 4-stepped CRGO-core as shown in Figure-1a 
and Figure-1b. The whole design is also same as 
discussed in case of CCDT. The only difference is of 
amorphous core in place of CRGO core. Here, the 
cross-sectional area of yoke is taken equal to cross 
sectional area of core or limb to reduce the cost. 
 
 
DESIGN WITH SQUARE SECTION OF 
AMORPHOUS-CRGO CORE (AMCCDTS) 
Sectional view of core and winding is shown in 
figure-3. Here, the core consists of two parts; the 
central part is of amorphous alloy and outer parts are 
of CRGO steel. This reduces the cost of transformer 
Frame. If whole cross sectional is of amorphous 
alloy, then the cost of Frame is maximum with 
minimum iron loss. On the other hand if, whole cross 
sectional area is of CRGO steel, then the cost of the 
Frame is minimum with maximum iron loss.  
 
Therefore, there should be a compromise between 
these two situations. For this, Considering prices and 
specific iron losses of both materials, cost function 
(Fcost) and loss function (Floss) for the Amorphous-
CRGO core have been developed- 
Fcost = 0.952 [(Ai) CRGO / Ai] +0.048 ;                      (4) 
Floss = 1.0278 – 0.578 [(Ai) CRGO / Ai].                    (5) 
 From above functions, the point of compromise 
comes at- 
(Ai)amorphous  = 0.36 Ai, and (Ai) CRGO  = 0.64 Ai. 
From above-   
Depth of amorphous part in frame = (Ai)amorphous /(0.9 
. l) 
Depth of CRGO part in frame = (Ai) CRGO  /(0.9 . l) 
All other dimensions are calculated as in case of 
AMDTS. 
 
 
 

DESIGN WITH 4-STEPPED AMORPHOUS-
CRGO CORE (AMCCDTMS) 
Cross-sectional area of 4-stepped amorphous-CRGO 
core is shown in Figure-4. For a multi stepped core 
the dimensions of different steps are fixed, therefore 
it is difficult to obtain the point of compromise, as 
discussed above. Because of this limitation, here, the 
central part of 4-stepped of the core (a x e) is 
considered for amorphous alloy and rest is for CRGO 
steel. All other dimensions are calculated as in case 
of AMDTMS. 
 
ESTIMATION OF COST, LOSSES, 
EFFICIENCY AND RADIAL FORCES 
mass of  the frame = [mass of core + mass of yoke]; 
mass of copper in winding = [ ( mean length of turn) 
x (number of turns) x 
(area cross section of conductor) x (mass density of 
copper)]; 
 
Cost of CRGO core = (Price per Kg. of CRGO steel)  
x  (mass of CRGO-core) ; 
Cost of Amorphous core=(Price per Kg. of 
amorphous alloy) x (mass of amorphous-core); 
Cost of copper windings = (Price per Kg. of copper)  
x  (mass of copper in windings); 
Core losses for CRGO steel= (specific core loss for 
CRGO in watt per Kg.)  x ( mass of CRGO steel in 
the frame); 
 
Core losses in amorphous alloy = (specific core loss 
for amorphous in watt per Kg.) x (mass of amorphous 
alloy in the frame); 
Copper losses in windings = I2 R,   (here current = I, 
winding resistance = R). 
Total losses = core losses + copper losses. 
Full load efficiency= (KVA x power factor)/ {(KVA 
x power factor)+Total losses}. 
Average radial force on a transformer winding is 
given by   Fr = (µo/2).(IT)2.(Lmt/Lc) 
 
BREAK-EVEN ANALYSIS  
The cost of amorphous core transformers is more 
than conventional CCDT. The increased cost of 
amorphous core transformers may be recovered in 
few months in terms of energy saved; for this 
breakeven point (BEP) is determined. To determine 
breakeven point Total Owning Cost of the 
transformer is calculated as- 
TOC = Initial cost +cost of energy loss during 
operation 
As time passes, cost of energy loss increases and the 
TOC increases with time.  
The BEP in months = (difference in initial costs of 
two transformers) / (difference in cost of energy loss 
during operation, per month). 
 
 
 
 



 
Journal of Emerging Trends in Engineering and Applied Sciences (JETEAS) 3(2):319-325 (ISSN: 2141-7016)  

322 

 

RESULTS AND DISCUSSION 
Transformer Rating: 400KVA, 11000/415 V, 50Hz, 3 
Phase, Delta/Star, Oil Natural cooled, Distribution 
transformer. 
 
For the above transformer, calculated main 
dimensions of core and winding for CCDT, AMDTS, 
AMDTMS, AMCCDTS and AMCCDTMS are 
shown in Table-1. On basis of physical dimensions, 
masses of Frame and windings are calculated; further 
on basis of the masses, the losses, efficiency, cost of 
the Frame and windings, and radial forces are 
calculated. The calculated losses, efficiency, cost, and 
radial forces are shown in Table-2. Calculated TOCs 
for CCDT and others are shown in Table-3; which 
are graphically represented in Figure-5. On basis of  
TOCs the BEP is obtained.  The obtained results may 
be summarized as- 
 
(1). Costs of AMDTS and AMDTMS are 1.36 and 
1.31 times of CCDT; however the costs are 1.14 and 
1.137 times for AMCCDTS and AMCCDTMS, 
respectively. The cost with amorphous-CRGO core is 
less as compared to cost with amorphous core. 
(2). Efficiency is maximum (98.7%) for AMDTMS 
among all; however it is minimum (98.4%) for 
CCDT and AMCCDTS. In case of AMCCDTS, the 
efficiency could not be improved because of 
increased copper losses with square shape of coils. 
 (3). For AMDTMS and AMCCDTMS, the BEP 
comes after 20 and 18 months. For AMDTS the BEP 
comes after a longer period of 36 months. For 
AMCCDTS the BEP does not come even up to 40 
months. It means for multi-stepped core, the BEP 
remains low (good). 
(4). Radial forces are less and uniform with CCDT, 
AMDTMS and AMCCDTMS.  
 
CONCLUSIONS 
(1). Cost of 400KVA amorphous-core transformer 
reduces, if amorphous-CRGO core is adopted in 
place of amorphous-core (With a slight compromise 
in efficiency). 
 (2)The breakeven point could not be obtained for 
400KVA transformer, with square section of  
amorphous-CRGO core, even up to 40 months.  
(3). Distribution transformer with 4-stepped 
amorphous-CRGO core (AMCCDTMS), shows the 
lowest BEP of 18 months, with efficiency 98.6%. 
Therefore, for 400 KVA distribution transformers, a 
4-stepped amorphous-CRGO core is the best choice. 
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APPENDIX 
Table-1: Calculated Main dimensions of Frame and windings   
Description Design with 4-

stepped CRGO-
CORE  
(CCDT) 

Design with 
square-section of 
Amorphous-core  
(AMDTS)   

Design with 4-
stepped 
Amorphous-core 
(AMDTMS) 

Design with 
square-section of 
Amorphous-
CRGO core 
(AMCCDTS) 

Design with 4-
stepped 
Amorphous-
CRGO core 
(AMCCDTMS) 

Window- 
Height (Hw) 440.8 mm 440.8 mm 440.8 mm 440.8 mm 440.8 mm 

Width  (Ww) 220.4 mm 220.4 mm 220.4 mm 220.4 mm 220.4 mm 
Core or limb- 
Net iron area (Ai) 0.02615 m2 0.02615 m2 0.02615 m2 0.02615 m2 0.02615 m2 
Laminations 
 

a=189mm, 
b=160mm, 
c=123mm, e=74mm 

l=170.4mm 
 

a=189mm, 
b=160mm, 
c=123mm, e=74mm 

l=170.4mm 
(55.3+115.1)mm 

a=189mm, 
b=160mm, 
c=123mm, e=74mm 

Mass of one limb 87.44Kg 82.84Kg 82.84Kg (26.9+53.4)Kg (40.6+44.7)Kg 
Yoke- 
Depth  (Dy) 189mm 170.4mm 189mm (55.3+115.1)mm (74+115)mm 
Height  (Hy) 184.4mm 170.4mm 210mm 170.4mm 210mm 
Net Yoke area  (Ay) 0.03138 m2 0.02615 m2 0.02615m2 (0.009414+ 

0.016736)m2 
(0.012813+ 
0.013337)m2 

Mass of one yoke 240.35Kg 179.1Kg 189.74Kg (63.4+121) Kg (93+102)Kg 
 Frame- 
Length (W) 1007.8mm 951.2mm 1007.8mm 951.2mm 951.2mm 
Height (H) 809.6mm 781.6mm 640mm 781.6mm 781.6mm 
Total mass 743Kg 606.7Kg 628Kg (208+419)Kg (308+338)Kg 
Windings- 
Turns per phase-  
(LV,HV) 

27,1222 27,1222 27,1222 27,1222 27,1222 

D1,D2 (in mm) 
D3,D4 (in mm) 

217.4, 247.2 
275.2, 323.5 

182.4, 212.2 
240.2, 288.5 

217.4, 247.2 
275.2, 323.5 

182.4, 212.2 
240.2, 288.5 

217.4, 247.2 
275.2, 323.5 

Mean length of  turn- 
(LV,HV) 

729mm, 940mm 789.2mm, 
1057.4mm 

729mm, 940mm 789.2mm, 
1057.4mm 

729mm, 940mm 

Conductor size  
(LV,HV) 

222.6mm2, 4.8mm2  222.6mm2, 4.8mm2  222.6mm2, 4.8mm2  222.6mm2, 4.8mm2  222.6mm2, 4.8mm2  

Total mass of windings 264Kg 291Kg 264Kg 291Kg 264Kg 

Resistance per phase 
(LV,HV) 

0.00186 Ω, 5.025Ω 0.002 Ω, 5.653 Ω 0.00186 Ω, 5.025Ω 0.002 Ω, 5.653 Ω 0.00186 Ω, 5.025Ω 

 
Table-2: losses, efficiency, cost and radial forces on windings 
Description Design with 4-

stepped CRGO-
CORE  
(CCDT) 

Design with 
square- section of 
Amorphous-core  
(AMDTS)   

Design with 4-
stepped 
Amorphous-core 
(AMDTMS) 

Design with 
square-section of 
Amorphous-
CRGO core 
(AMCCDTS) 

Design with 4-
stepped 
Amorphous-CRGO 
core (AMCCDTMS) 

Core losses  1246 watts 61 watts 63 watts 860 watts 650 watts 
Copper losses  3939 watts 4358 watts 3939 watts 4358 watts 3939 watts 
Efficiency  at Full 
load(at power factor 
0.8 lag) 

98.4% 98.6% 98.7% 98.4% 98.6% 

Cost of Frame    059,441 INR 121,340 INR 125,603 INR 075,020 INR 088,644 INR 
Cost of windings   153,120 INR 168,780 INR 153,120 INR 168,780 INR 153,120 INR 
Cost of  Frame and 
winding  

212,561 INR 290,120 INR 278,723 INR 243,800 INR 241,764 INR 

Cost             (% of  
CCDT) 

100% 136% 131% 114% 113.7% 

BEP (in months) - 36 20 not obtained  18 
Average Radial 
Force (Fr) 

314 N 353 N 314 N 353 N 314 N 

Nature of radial 
forces 

Uniform Non-uniform Uniform Non-uniform Uniform 
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Table-3 : Total Owning Cost (TOC) of different transformers (in INR) 
Months TOC for      

 4-stepped CRGO-
CORE  
(CCDT) 

TOC for      
 square- section of 
Amorphous-core  
(AMDTS)   

TOC for      
 4-stepped 
Amorphous-core 
(AMDTMS) 

TOC for      
 square-section of 
Amorphous-CRGO 
core (AMCCDTS) 

TOC for      
4-stepped 
Amorphous-CRGO 
core (AMCCDTMS) 

0 212561 290120 278723 243800 241764 
2 242426 315573 301774 273856 268196 
4 272292 341026 324825 303911 294629 
6 302157 366480 347877 333967 321061 
8 332023 391933 370928 364023 347494 
10 361889 417387 393980 394078 373927 
12 391754 442840 417031 424134 400359 
14 421620 468293 440082 454189 426792 
16 451485 493747 463134 484245 453224 
18 481351 519200 486185 514301 479657 (BEP) 
20 511217 544655 509237 (BEP) 544356 506090 
22 541082 570107 532288 574412 532522 
24 570948 595560 555339 604468 558955 
26 600813 621014 578391 634523 585387 
28 630679 646467 601442 664579 611820 
30 660545 671921 624494 694635 638253 
32 690410 697374 647545 724690 664685 
34 720276 722827 670596 754746 691118 
36 750141 748281  (BEP) 693648 784802 717550 
38 780007 773734 716699 814858 743983 
40 809873 799188 739751 844914 770416 
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