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Abstract

Distribution transformers are designed to have low core losses; therefore they are designed with low value of
flux density for cold rolled grain oriented (CRGO) steel. Amorphous alloy is being seen as a good substitute of
CRGO steel as it has very less core losses. In amorphous core transformers, manufacturers are adopting a
square or rectangular section of core, for which cost of copper winding is more and radial electromagnetic
forces are non-uniform. Here, amorphous core transformer with circular multi-stepped section of core is
presented and compared with conventional CRGO core transformer and square-sectioned amorphous core
transformer in terms of efficiency, cost and radial forces. An effort is being made to show that, circular multi
stepped section of core is a better choice in place of square section of core, for amorphous core transformer. If
a multi stepped section of core is adopted in place of square section for an amorphous core transformer, the
efficiency improves, cost reduces and radial forces in windings become uniform.
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INTRODUCTION than conventional CRGO-core transformer (Puneet
Transformers play an important role in electrical K. Singh 2010).
power network. They transfer electrical power from
one circuit to another. Power transformers are used to DESIGN CONSIDERATIONS
transmit electrical power from generating end. The task of a designer is to make a proper
Distribution transformers are used to distribute compromise  between cost and performance
electrical power in residential and industrial areas. (Amoiralis 2009). Selection of number of steps in a
The distribution transformers are energized for core depends on KVA rating of transformer. As the
twenty four hours so they are designed to have low rating of transformer increases, the number of steps
core losses (Say M.G. 2005). The core losses in a in the core increases. For more number of steps the
transformer depend on the material of core and the diameter of circumscribing circle reduces for an iron
flux density at which it is designed. Since 1983, area of the core, so cost of copper winding reduces.
CRGO steel is being used in transformers as a core However, with the increase in number of steps, the
material as it has low core losses (Bendito et al assembly cost of the core increases. Therefore for low
1999). For distribution transformers the allowable rating transformers (below 25 KVA), the square
limit of flux density is 1.55 Tesla with CRGO steel, section of the core is economical and for medium and
above this limit the core losses increase; however the large rating transformers multi-stepped CRGO core is
saturation limit for CRGO steel is 2.03 Tesla (BHEL economical. For 400 KVA CRGO-core distribution
2009). During designing a distribution transformer transformers, 4-stepped core is preferred by the
the main effort is to reduce core losses. There are manufacturers (Sawhney A.K. 2006, BHEL 2009).
some amorphous alloys present in market, among On the other hand, for the amorphous-core
them iron-boron-silicon alloy (Fe;sB13Sig) shows transformers of medium and large ratings, the square
significant advantages of having low losses, low or rectangular section of core is preferred by
magnetizing current and low noise over conventional manufacturers (Schulz R. et al 1998, Lee Ji-Kwang
steel (Boyd E.L. 1984). It is being seen as good 1999)), the reason is the higher cost of amorphous
substitute of CRGO steel. alloy as compared to CRGO steel. It is one point of
consideration.
The amorphous alloy has some limitation like- low
saturation limit (1.6 Tesla), more hardness and high Another point of consideration is about radial
material cost as compared to CRGO steel (Nicholas electromagnetic forces in coils of transformer
DeCristofaro 1998). At present, there is limited winding. For medium and large rating transformers
number of manufacturers of amorphous-core electromagnetic forces on the windings must also be
transformers in the world because of the high cost of  considered as they are very high (Martin J. 1998).
amorphous alloy. Overall cost of amorphous-core Radial electromagnetic forces on the winding are
transformer is approximately 20 to 30 percent higher proportional to square of the current (Fr a I%). Under
short circuit condition the current in a transformer
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may be 20 times of rated current, so the
electromagnetic force may be 400 times higher than
that of normal condition. 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 coail.

DESIGN WITH 4-STEPPED CRGO-CORE
(CCDT)

Winding arrangement in a frame of transformer is
shown in Figure-la. The sectional view of 4-stepped
core is shown in Figure-1b.

Core Design

Voltage per turn, Et = KNQ volts

Q is KVA rating of transformer.

K = Output constant (according to problem)
Et=4.44 f.Om volts

Om=Et/(4.44 f)

We know that ®m = Bm.Ai

Ai = Net Iron Area of core = ®m/ Bm

Bm = 1.55 wh/m? (according to problem)

For 4-stepped core, Diameter of circumscribing circle
d = V(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 f.Bm.Ai.(Kw.Aw 8).10° KVA,

4 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 on yoke.
Ay=12xAi

Flux density in yoke

By=®m/ Ay

By = (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

D. Overall Dimension of Frame

Height of frame H = Hw + 2Hy

Length of frame W =2D +a

Depth of frame = a
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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 =1/ 9.
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),,
=7 (D1+D2)/2

Mean length of turn for high voltage winding (Lmt),,

=g (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

Voltage per turn, Et = KNQ volts

K = Output constant (according to problem)
Et=4.44 f.Om volts

Om=Et/ (4.44 f)

Om = Bm.Ai

Ai = Net Iron Area of core = ®m / Bm

Bm = 1.55 wb/m’

Cross section of core area= ®m/ Bm

Used square section of core having Ai = stacking
factor. I°

Here | is the side of square section

Window Dimensions

Window space factor Kw = 12/(30+KV)

We have Q =3.33 f.Bm.Ai.(Kw.Aw .8).10° KVA
Generally, (Hw / Ww) = 2

Window area, Aw = Hw x Ww

Distance between adjacent core centers, D = Ww + |

Yoke Design

The cross-sectional area of yoke is taken same as that
of core or limb.

So, Ay = Ai

Flux density in yoke By = Bm

Taking section of yoke as square of yoke,
Depth of yoke, Dy = |

Height of yoke, Hy = Ay / Dy

D. Overall Dimension of Frame

Height of frame H = Hw + 2Hy

Length of frame W = 2D +|

Depth of frame = |
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Winding Design

Turns per phase = voltage per phase / Et

Current per phase | = (KVA per phase. 1000)/ voltage
per phase.

Cross sectional area of conductor =1/ 5.
Clearance=5+0.9KV

D1= | +2Clearance; D2=D1 + 2Width of winding;
D3=D2 + 2<Clearance; D4= D3 + 2Width of
winding;

Mean length of turn for LV winding= 2/(D1+D2);
Mean length of turn for HV winding =2' (D3+D4),
Winding resistance = (specific resistance)x(Mean
length of turn)x(Number of Turns)/(Cross-sectional
area of conductor)

DESIGN WITH 4-STEPPED AMORPHOUS-
CORE (AMDTMS)

Sectional view of winding and core are same as in
case of CRGO 4-stepped core as shown in Figure-1a
and Figure-1b. The whole design is also same as
discussed in case of CRGO 4-stepped core. The only
difference is of amorphous core in place of CRGO
core. Here, there is no need to take the cross-sectional
area of yoke higher than that of core because core
losses in case of amorphous material are very less as
compared to CRGO steel. Higher cross-sectional area
increases cost of the yoke.

Estimation of Cost

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) x
mass of CRGO core in the frame;

Cost of Amorphous = (Price per Kg. of amorphous)
x mass of amorphous core in frame;

Cost of copper windings = (Price per Kg. of copper)
X mass of copper in windings;

Estimation of Losses and Efficiency

Core losses in CRGO = (specific core loss for CRGO
in watt per Kg.) x ( mass of CRGO in the frame)
Core losses in amorphous = (specific core loss for
amorphous in watt per Kg.) x (mass of amorphous in
the frame)

Copper losses in windings = IR, (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}.

Estimation of Radial Forces
Average radial force on a transformer winding is
given by Fr = (uo/2).(IT)% (Lmt/Lc)
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RESULTS AND DISCUSSION

Transformer Rating: 400KVA, 11000/415 V, 50Hz, 3
Phase, Delta/Star, Oil Natural cooled, Distribution
transformer.

Calculated main dimensions of core and winding for
CCDT, AMDTS and AMDTMS are shown in Table-
1. On basis of physical dimensions, masses of Frame
and windings are calculated; further on basis of the
masses, 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. Cost of AMDTS is 1.36 times
of cost of CCDT; however the cost of AMDTMS is
1.31 times of CCDT. Therefore the cost of
AMDTMS is less as compared to AMDTS. In case of
AMDTMS radial forces are also less and uniform as
compared to AMDTS. AMDTMS has higher
efficiency as compared to CCDT and AMDTS.

CONCLUSION

Multi-stepped section of core is a better choice as
compared to square section, in case of amorphous-
core transformer. If a multi stepped section of core is
adopted in place of square section for an amorphous
core transformer, the efficiency improves, cost
reduces and radial forces in windings become
uniform. No doubt, at present the cost of amorphous-
core distribution transformers is higher than cost of
conventional CRGO-core transformers as they are in
developing stage, but in future as the manufacturing
will increase, the cost will be reduced. It is expected
that the trend of amorphous-core transformers will
increase in future as they are energy efficient
transformers.
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Table-1: Calculated Main dimensions of Frame and windings

Description Design with 4-stepped CRGO-CORE Design with square- section of | Design with 4-stepped
(CCDT) Amorphous-core (AMDTS) Amorphous-core (AMDTMS)

Window-

Height (Hw) 440.8 mm 440.8 mm 440.8 mm

Width (Ww) 220.4 mm 220.4 mm 220.4 mm

Core or limb-

Net iron area (Ai) 0.02615 m* 0.02615 m? 0.02615 m?

Laminations a=189mm, b=160mm, 1=170.4mm a=189mm,b=160mm,
c=123mm, e=74mm c=123mm, e=74mm

Mass of one limb 87.44Kg 82.84Kg 82.84Kg

Yoke-

Depth (Dy) 189mm 170.4mm 189mm

Height (Hy) 184.4mm 170.4mm 210mm

Net Yoke area (Ay) | 0.03138 m’ 0.02615 m? 0.02615mm’

Mass of one yoke 240.35Kg 179.1Kg 189.74Kg

Frame-

Length (W) 1007.8mm 951.2mm 1007.8mm

Height (H) 809.6mm 781.6mm 640mm

Total mass 743Kg 606.7Kg 628Kg

Windings-

Turns per phase- 27,1222 27,1222 27,1222

(LV,HV)

D1,D2 217.4mm, 247.2mm 182.4mm, 212.2mm 217.4mm, 247.2mm

D3,D4 275.2mm, 323.5mm 240.2mm, 288.5mm 275.2mm, 323.5mm

Mean length of
turn-

729mm, 940mm

789.2mm, 1057.4mm

729mm, 940mm

(LV,HV)

Conductor size 222.6mm?, 4.8mm? 222.6mm?, 4.8mm? 222.6mm?, 4.8mm?
(LV,HV)

Total mass of 264Kg 291Kg 264Kg

windings

Resistance per
phase (LV,HV)

0.00186 ©, 5.025Q

0.002 Q, 5.653 Q

0.00186 €, 5.025Q

Table-2: losses, efficiency, cost and radial forces on windings

Description Design with 4-stepped CRGO-CORE | Design with square- section of | Design with 4-stepped
(CCDT) Amorphous-core (AMDTS) Amorphous-core (AMDTMS)

Core losses 1246 watts 61 watts 63 watts

Copper losses 3939 watts 4358 watts 3939 watts

Full load Efficiency 98.4% 98.6% 98.7%

(at power factor 0.8 lag)

Cost of Frame 059,441 INR 121,340 INR 125,603 INR

Cost of windings 153,120 INR 168,780 INR 153,120 INR

Cost of Frame and winding 212,561 INR 290,120 INR 278,723 INR

Average Radial Force (Fr) 314N 353 N 314N

Nature of radial forces Uniform Non-uniform Uniform

269




