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Abstract The contributions of this article are the analysis and economic evaluation
of the impact on tank wall losses of a diameter reduction of low-voltage bushings of
pole-mounted single-phase distribution transformers. Finite element simulations of 5-
to 167-kVA transformers were performed. The study was motivated when bushing
manufacturers reduced diameter from 4.6 to 3.6 cm. Results show that when the
diameter of low-voltage bushings is reduced, (i) load losses increase and (ii) total
owning cost decreases for transformers up to 15 kVA and increases for transformers
of 25-167 kVA. The insertion of non-magnetic material between bushing holes is also
evaluated.

Keywords pole-mounted distribution transformer, tank wall, load losses, efficiency,
finite element method, total owning cost, low-voltage conductor, bushings

1. Introduction

Load losses in transformers have a component of losses due to the presence of eddy
currents in the tank zone that surrounds the bushings [1-3]. This effect can be ignored
on the high-voltage bushings, but on the low-voltage side, the currents are high and the
closeness of low-voltage conductors to the tank wall has an important impact on load
losses [4-8].

In 2005, Mexican bushing manufacturers reduced the diameter of low-voltage bush-
ings used in distribution transformers to reduce manufacturing costs and, consequently,
selling price to transformer manufacturers, but they did not evaluate the impact of this
change in load losses.
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Figure 1. Three bushings for low-voltage conductors in the tank of a pole-mounted single-phase
distribution transformer.

The main contribution of this work is the evaluation of the impact on tank wall
losses of a reduction from 4.6 cm to 3.6 cm in the diameter of low-voltage bushings of
5 to 167-kVA, 33,000-240/120-V, pole-mounted, single-phase transformers. A review
of tank wall losses on the low-voltage side of other types of distribution transformers
was presented in [2].

Figure 1 shows a top view of an uncovered pole-mounted single-phase distribution
transformer, where the low-voltage bushings can be observed as well as part of the core-
windings and oil. The interior view of the same transformer is shown in Figure 2, where
the holes for the low-voltage bushings can be observed.

Losses generated in the tank steel surrounding the transformer bushings can be
the cause of hot spots that can damage the transformer oil and gaskets, jeopardize the
maintenance staff and peripheral equipment, and could put the transformer out of service.

Figure 2. Interior view of tank of a pole-mounted single-phase distribution transformer.
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Figure 3. Low-voltage bushing with 3.6-cm diameter for pole-mounted distribution transformers.

Hot spots in transformers are one of the most important parameters that determine their
lifetime. Transformers are designed and built to prevent overheating and premature failure
[9-12].

Figure 3 shows a low-voltage bushing used for distribution transformers. Eddy
currents induced in the transformer tank wall close to low-voltage bushings depend on
several parameters, but the most important are the current magnitude, the diameter of
bushing holes, and the tank wall properties (permeability and conductivity). Figure 4
shows the diagram of the 120-V connection used in all simulations and calculations, as
it represents the most critical case.

In this study, the losses generated by full load currents flowing through the low-
voltage conductors on transformer tank wall are calculated using three analytical formulas
and the finite element method (FEM). The following section describes the analytical

T A
] 33000 V

33000V | 8
! 33000 V
¢ . ¢

120V

Figure 4. 120-V connection for pole-mounted distribution transformers.
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formulas used to obtain tank losses, and in Section 3, the losses in the vicinity of the
bushing holes are calculated with FEM simulations for 5- to 167-kVA transformers and
for both 4.6- and 3.6-cm hole diameters.

2. Review of Existing Formulas to Calculate Losses Caused
by a Current Crossing Through a Metallic Wall

This section presents three formulas to determine losses in metal plates due to their being
crossed by currents. Each formula has particular characteristics. For example, there are
two formulas that include the thickness of the metal plate and one that does not. Two
formulas have a mathematical deduction, and one is empirical. These formulas are known
as Turowski [4], Karsai [5], and Del Vecchio [6].

2.1. Turowski’s Formula

The Turowski formula was derived in [4] using the geometry of Figure 5 to determine
losses on a metal surface, in this case, a tank wall, that is crossed by a conductor carrying
a current. Figure 5 shows the magnetic field components on a metallic plate that is crossed
by conductors carrying a current. In Figure 5, D is the diameter of the bushing hole;
A is the distance between bushing holes; /; is the longitude of the conductor from the
tank cover to the conductor element d/; r is the distance from d/ to P; dE,, dEy,
and dH are the electric and magnetic field components, respectively, of the d/ element
contributions at point P. The power P dissipated in a flat plate in terms of the magnetic
field components is given by:

a [
P - 7p ZL)/O// M"S(xv y)|Hms(X, y)|2dedy’ (1)
S

where

S is the metallic plate surface;

¢ is a screening coefficient of field incidence on active power on the wall;
w=2nf;

y is the conductivity;

Figure 5. Magnetic field components of a metal surface (transformer tank) (copyright 1997 Pro-
ceedings of IEE Electric Power Applications [4], reprinted with permission).
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a, ~ 1.4 is a linearization coefficient of relative permeability u,, that changes inside
the solid steel for fields with H ,,s larger than 5 A/cm;

X 1is unity for non-magnetic metals; and

x ~ 1.05 to 1.14 for steel.

Turowski’s formula is obtained by simplifying the analytical expression of Eq. (1) [4]:

24
P ~315x 107202, /28 (O.74+1n 3). )
o

Equation (2) is in terms of conductivity and permeability of the metallic plate that
represents the tank wall. Other important parameters are the current flowing through the
conductors, the diameter of the holes where the conductors go through, and the distance
between the holes in the metallic tank wall. Turowski’s formula, based on Poynting’s
theorem, does not explicitly include the metallic plate thickness.

2.2. Karsai’s Formula

Karsai’s formula [5] determines the power loss for a simplified model. This formula
considers the hole diameter of bushings (D) and current density in the conductor (1),
and it is only valid for magnetic steel of conductivity & = 7 x 10® S/m and magnetic flux
density saturation Bgar = 1.4 T. These fixed values eliminate the possibility of using
this formula to evaluate other materials. Also a drawback is the absence of the metallic
wall thickness. Karsai’s formula is given as [5]:

D 1.5
P =405 (0.7 — \/;> ' 3)

2.3. Del Vecchio’s Formula

The analytical formula of Del Vecchio includes the metallic tank wall thickness and is
based on a circular plate of radio r crossed by an electrical conductor in the center [6].

In [6], Del Vecchio’s formula is derived from Maxwell’s equations in cylindrical
coordinates:

10 0H ¢ Hy 0*Hy )
0, (r a, ) - rr—2 2 = jouoH,. “4)
The tank losses of the transformer are given by [6]:
b pc/2 |Jr|2
Losspusn = 271/ / rdrdz, 5
a J—c/2 O

where a is the bushing hole radius, b is the external radius of the model plate, ¢ is the
wall thickness, and o is the conductivity. The current density J induced in the tank can
be found from Eq. (4). The integration of Eq. (5) yields Del Vecchio’s formula used to
determine the eddy current losses:

I%q b sinh(gc) — sin(gc)
Losspysp = — In| — , (6)
o a ) | cosh(gc) + cos(gc)
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WU

where ¢ = 5—- A more simplified form of Eq. (6) when the product gc is small is

given by [6]:

12 2,,2,.3 b
Losspu = (%) % In (5) . %)

2.4. Review of Formulas

The results obtained using Del Vecchio’s equation (Eq. (6)) for 4.6-cm and 3.6-cm bushing
diameters show a difference of 4.51 W, 8.02 W, and 22.38 W in tank losses for each
bushing for single-phase distribution transformers of 75 kVA, 100 kVA, and 167 kVA,
respectively. The loss is calculated with the following parameters: b = 0.91 m, ¢ =
0.003 m, © = 500 x 47w x 1077 H/m, and ¢ = 5 x 10° S/m for a 120-V connection
at f = 60 Hz. Table 1 presents the computed eddy current loss using Del Vecchio’s
Eq. (6) for bushing diameter D = 46 mm and D = 36 mm for the whole range of nine
transformer ratings.

3. Calculation of Tank Wall Losses Using FEM

Several FEM simulations using Maxwell Ansoft 3D (ANSYS, Canonsburg, Pennsylvania,
USA) were performed to determine the load losses change when the diameter of the
low-voltage bushings is reduced from 4.6 to 3.6 cm. Results consider nine pole-mounted,
single-phase distribution transformers rated 5 to 167 kVA for the 120-V connection
(Figure 4).

The boundary conditions at the exterior surfaces of the finite-element model are
specified with a zero tangential magnetic field condition. The direct modeling of eddy
current regions usually leads to very expensive finite-element meshes, since the skin depth
(6 = +/2/(wpo)) of massive conductors at power frequencies is very small compared
with the main dimensions of the electromagnetic device [13]. An alternative and very
convenient way of modeling eddy current regions can be established with the use of

Table 1
Eddy current losses (W) using Del Vecchio’s equation
(Eq. (6)) for 5- to 167-kVA transformers;
only one low-voltage bushing is considered

Transformer Losses (W) Losses (W)
rating (kVA) for D = 46 mm for D = 36 mm
167 335.76 358.14
100 120.39 128.41
75 67.72 72.23
50 30.09 32.10
37.5 16.93 18.05
25 7.52 8.02
15 2.70 2.88
10 1.20 1.28

5 0.3 0.32
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surface impedance boundary conditions [14—18], where a relationship between the tan-
gential components of the magnetic field intensity H and the electric field E is established
using the analytic solution of the field distribution in a semi-infinite conducting slab. The
practical implementation of this approach is to relate the tangential component of the
magnetic field intensity Hg; with the electric field Eg, at the eddy-current region surface
using [2]:

Est = Zs(n X HSt)s (8)
where Z; = lais/ and n is a normal unity vector (outward) to the conductor surface.
Equation (8) amounts to the specification of a boundary condition, which eliminates the

necessity of actual modeling of the eddy current regions and only requires that the surface
of the material be covered with finite elements.

3.1. Validation of the Model

Results in [6] were used to validate simulations. Calculation of eddy current losses
is performed on a carbon steel disk, shown in Figure 6(a), with an inner diameter of
0.132 m, an outer diameter of 0.305 m, a thickness of 0.0095 m, a relative permeability
of w, = 200, an electrical conductivity of 0 = 4 x 10 S/m, and a conductor made of
copper with ¢, = 1 and 0 = 58 x 10® S/m. The distribution of loss density in W/m?
of the model is shown in Figure 6(b).

Total losses (W) of the disk were obtained by [6]:

Loss = | Ohrlo / H,e H’ds, )
8o surface

where H, is the tangential magnetic field strength (A/m), H is its conjugate, /i, is the
relative permeability, u, is the vaccum permeability (47 x 1077 H/m), o is the electric
conductivity (S/m), and w the angular frequency (rad/s).

Integration of Eq. (9) on both sides of the disk results in 1117.92 W of total losses
in the disk. This represents an error of 2% compared with the result reported in [6].

......... ST
: 305mm
132mm
9.5mm ! ; i N
l f1270mm | 2
E [
T i | i A 4 i
: \ Ao /
H \ R
: \ e
H \ >
: Y 2.54mm
_________ N o
(a (b)

Figure 6. (a) Steel disk geometry to determine eddy current losses generated by current crossing
it [6] and (b) distribution of loss density in W/m? on the metal disk. (color figure available online)
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Figure 7. Carbon steel flat plate.

3.2. Curved and Flat Steel Plate with 4.6-cm-diameter Holes

In this section, the FEM is used to obtain losses in a carbon steel curved plate of 2.28 mm
(13-gauge) thickness with holes 4.6 cm in diameter, ;t, = 500, and o = 5 x 10° S/m [7],
which corresponds to the zone where the low-voltage bushings are placed on the tank of
pole-mounted distribution transformers. The curved metal plate is modeled with a half
cylinder using a dodecagon, as flat surfaces are needed to use an impedance boundary.
The results are compared with those obtained for a flat plate. The difference of the losses
obtained for the flat plate in comparison with the losses of the curved plate, when the
simulations are performed for the actual dimensions of the transformer as well as the same
bushing holes diameter, is considered as a percentage error.

Figure 7 shows the geometry of the flat plate with three holes and their respective
conductors. The dimensions of the flat plate and conductor diameter for the different
ratings are given in Table 2. Each conductor is modeled by a polygon of 24 sides, and
the current considered is the peak value of the rated current of a single-phase distribution
transformer for a 120-V connection.

Table 2
Dimension of the steel plate shown in Figure 7

Transformer rating (kVA)

5 10 15 25 37.5 50 75 100 167
H (cm) 61 61 68 71 71 73 73 73 73
L (cm) 99 105 110 123 135 152 165 178 187
A(cm) 16 21 21 21 21 21 21 21 21
B (cm) 45 40 47 51 51 52 52 52 52

D (cm) 4.6/3.6 4.6/3.6 4.6/3.6 4.6/3.6 4.6/3.6 4.6/3.6 4.6/3.6 4.6/3.6 4.6/3.6
@ (mm)  9.906 9.906 9.906 9906 11938 11938 11.938 11.938  11.938
d (cm) 12 12 12 13 13 13 13 13 13
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(@ (b)

Figure 8. Distribution of magnetic field intensity for a 100-kVA transformer with 4.6-cm-diameter
bushing holes: (a) curved metal plate and (b) flat metal plate. (color figure available online)

Figure 8 shows peak values of magnetic field intensity distribution on both a curved
and a flat metal plate for a 100-kVA transformer with 4.6-cm-diameter bushing holes.

It can be observed from Figure 8(a) that the distribution of magnetic field intensity for
the curved plate has the same pattern as the one obtained when simulation was performed
with a flat plate with holes of same diameter (Figure 8(b)), both with a high magnetic
field intensity located around the holes. Figure 9(a) shows the loss density distribution
in W/m? on the curved plate for the 100-kVA transformer with 4.6-cm-diameter bushing
holes, which is very similar to the distribution shown in Figure 9(b) for the flat plate.

For the case of the curved plate with 4.6-cm holes, total losses calculated with Eq. (9)
for the 100-k VA transformer were 118.78 W. The value obtained with the flat-plate model
with the same diameter holes was 116.61 W, which means a difference of 2.17 W (1.8%).
To validate the use of the flat-plate geometry in all ratings, two simulations for the 50- and
167-kVA ratings were performed and found that the highest percentage error is 6.04%.

NamedExpr

4.0000¢+003
3.71434003
3.428604003
3.1429e4003
2.8571¢+003
2.5714e+003

| 8.5714e4002
5.7143¢+002
2.8571e4002
2.5729¢-005

(a)

(b)

Figure 9. Distribution of loss density in W/m? on the for 4.6-cm-diameter bushing hole of a
100-kVA transformer: (a) curved plate and (b) flat plate. (color figure available online)
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H[A/n]

8.0000¢+003
7.4288e+003
6.8575€+003

6.2863¢4003
5.7151e+003
5.1439¢+003

4.5726e+003
4.0014e+003
3.4302€+003
2.8590e+003

2.2877e+003

1.7165€4003
1.1453€4003
5.7404e+002
2.8116€+000

Figure 10. Distribution of magnetic field intensity on the curved plate for 3.6-cm-diameter bushing
hole 100-kVA transformer. (color figure available online)

3.3. Curved and Flat Steel Plate with 3.6-cm-diameter Holes

The mesh of the curved steel plate with three 3.6-cm-diameter bushing holes is of the
same design as for the 4.6-cm diameter. Figure 10 shows the peak values of distribution
of magnetic field intensity in the curved plate for a 100-kVA transformer with 3.6-cm-
diameter bushing holes.

Figure 11 shows the loss density distribution in W/m? on the curved plate for a 100-
kVA transformer with 3.6-cm-diameter bushing hole. Total losses for the curved plate
with 3.6-cm-diameter bushing holes for the 100-kVA transformer were 135.77 W using
Eq. (9). The value obtained with the flat-plate model with the same diameter bushing
holes and same dimensions of transformer was 133.82 W. The difference of the losses

NamedExpr

3.0000¢+003
2.7857€+003
2.5714€+003

2.3571e+003
2.1429¢+003

1.9286¢+003
1.7143€+003
1.5000¢+003
1.2857¢+003

| 1.072ues003

8.5714+002

6.4286€+002
4.2857€+002
2.1429¢+002
5. 1328e-004

Figure 11. Distribution of loss density in W/m? on the curved plate for 3.6-cm-diameter bushing
hole 100-kVA transformer. (color figure available online)



Downloaded by [Juan C. Olivares-Galvan] at 08:57 01 September 2011

1398 J. C. Olivares-Galvan et al.

Table 3

Tank wall loss increase and TOC increase for nine
transformer ratings when the bushing diameter is decreased
from 4.6 cm to 3.6 cm

Tank wall loss increase

TOC increase

kVA \ (%) $ %
167 56.65 5.52 223.12 240
100 17.21 291 64.57 1.05
75 10.88 1.97 39.12 0.75
50 4.84 1.28 14.84 0.39
375 1.58 0.55 1.74 0.06
25 1.71 0.79 2.26 0.10
15 0.40 0.27 —3.01 —0.18
10 0.23 0.23 -3.69 —0.30
5 0.07 0.10 —4.33 —0.54

obtained with the flat plate and the curved plate for this rating represents an error of
1.43%. Errors for 50- and 167-kVA transformers were also small (less than 6%). Hence,
a contribution, from the engineering point of view, is the possibility to calculate tank
losses with the flat-plate geometry for all ratings.

3.4. Comparison of Losses and Total Owning Cost (TOC)

The results of loss differences obtained from FEM simulations for 5- to 167-kVA
transformers with 120-V low-voltage connection when considering the change of bushings
diameter from 4.6 to 3.6 cm are shown in Table 3, the percentage of increase is
expressed with respect to load losses for 4.6-cm bushings’ diameter. The maximum
obtained difference of tank losses in the nine transformer ratings is 56.65 W for
the 167-kVA transformer for a low-voltage current of 1968.14 A. Table 4 shows the
TOC results for the same nine transformer ratings for 3.6- and 4.6-cm bushing holes

Table 4
Technical characteristics of nine transformer ratings with 36/46-mm bushing diameter
Load loss (W) Material cost ($) Bid price ($) TOC ($)
No-load

kVA loss(W) 46mm 36mm 46mm 36mm 46mm 36 mm 46 mm 36 mm
167 311.79 10254  1082.05 1708.53 1705.53 2628.51 2623.89 9294.82 9517.94
100 217.6 592.05 609.26 1306.97 1303.97 2010.72 2006.11 6166.38 6230.95
75 184.96 551.24  562.12  957.89  954.80 1473.68 1469.06 5198.94 5238.06
50 134.8 37798  382.82 757774 754.74 1165.75 1161.14 3785.20 3800.04
37.5  113.59 285.52  287.1 684.33  681.33 1052.82 1048.20 3127.50 3129.24
25 84.57 216.55  218.26 511.58  508.58  787.05  782.43 2347.67 2349.93
15 59.69 150.9 151.3 355.86  352.86 547.48 542.86 1641.17 1638.16
10 46.84 99.21 99.44  294.65 291.65 45331  448.69 123435 1230.66
5 28.98 68.01 68.08 18544  182.44  285.29  280.68 795.17  790.84
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diameter and for aluminum-aluminum transformers (aluminum cost = $1.869/kg, London
Metal Exchange (LME) officials, 2 November 2009; source: MetalPrices.com). All
parameters were computed by transformer design optimization software [1]. The TOC is
calculated with

TOC=BP+CL=BP+A-NLL+ B-LL, (10)

where

A = US$8.16/W (no-load loss cost rate) and B = US$4.02/W (load loss cost rate),
which are current values for Mexican utilities [19];

BP ($) is the bid price of the transformer;

CL (%) is the cost of transformer losses throughout the transformer lifetime considering
25 years;

NLL (W) is transformer no-load loss; and

LL (W) is transformer load loss.

Readers can find A and B for 26 countries in [20].

The negative sign in the TOC increase of 5-, 10-, and 15-kVA transformers in Table 3
means that the reduction in bushing price is bigger than the increment of operation cost
due to the load losses increase. On the other hand, TOC increase in transformers bigger
than 15 kVA and up to 167 kVA means that the reduction of bushing holes diameter
represents a cost disadvantage due to the rise of operation cost.

3.5. Non-magnetic Insert Between Bushings

Finally, a simulation for an arrangement that includes a strip of non-magnetic material
between bushing holes was performed. Figure 12(a) shows the distribution of magnetic
field intensity in the curved plate for a 100-kVA transformer with a 3.6-cm-diameter
bushing hole when a strip of non-magnetic material 4.76 mm wide is inserted between
holes. The thickness of the non-magnetic strip is the same as that of the transformer

(a) (b)

Figure 12. (a) Distribution of magnetic field intensity on the curved plate for 3.6-cm bushing
hole diameter of 100-kVA transformer including non-magnetic insert and (b) physical aspect of
non-magnetic insert on a transformer tank. (color figure available online)
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Table 5
Tank wall losses decrease for nine transformer
ratings when diameter of bushings is 3.6 cm and
non-magnetic inserts are used

Tank wall loss decrease

kVA " %
167 155.34 14.36
100 66.17 10.86
75 37.26 6.63
50 7.45 1.95
375 4.86 1.69
25 2.67 1.22
15 0.63 0.42
10 0.22 0.22
5 0.05 0.07

tank (see Figure 12(b)). Table 5 contains tank wall losses reduction for all analyzed
ratings with the non-magnetic insert. It can be seen that for the 167-kVA transformer,
losses decrease 155 W (Table 5). The percentage of decrease is expressed with respect
to load losses. Non-magnetic inserts were manufactured using 41.536 grams of E309L
UTP 309L stainless-steel electrodes (Todo para soldar en linea, Nuevo Leon, Mexico)
with a cost of $0.58 per transformer (labor and energy costs are not included). The labor
time for welding process was 3 min and 30 sec per transformer.

4. Conclusions

The need to analyze the impact of changes in the bushing diameter on transformer load
loss is the motivation for this article. The performed analysis compares tank losses in
geometries of models of the tank zone that surrounds the low-voltage bushings of pole-
mounted distribution transformers. The selected technique to evaluate the losses was the
FEM. The models to perform the simulations were mainly designed to give information
on the difference of tank losses with bushings that have a diameter of 4.6 cm and those
with a diameter 3.6 cm. The surface impedance boundary condition was used in the
simulations, as it only requires that the surface of the material be covered with finite
elements, providing a very convenient means of including the effect of a non-linear B-H
material characteristic. Tank losses obtained with FEM simulations for the analyzed cases
show that a flat-plate model can be used to determine tank losses, as the difference in
losses calculated with flat or curved metallic plate is less than 6%.

The comparative study shows that for 5-, 10-, and 15-kVA transformers, there is
a marginal cost advantage when the diameter of bushing is reduced. For 25- and 37.5-
kVA transformers, there is no appreciable cost difference with the diameter reduction.
This finding represents the possibility of a reduction of manufacturing cost of pole-
mounted distribution transformers of 37.5 kVA or smaller without an increase in the
operation (losses) cost when using bushings of 3.6-cm diameter. This is not the case
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for 50- to 167-kVA transformers, where there is an important difference in tank losses
when the diameter of low-voltage bushings is reduced from 4.6 cm to 3.6 cm, e.g.,
the increase of transformer tank losses for the 167-kVA rating is 56.65 W. This difference
increases with transformer rating and life expectancy.

For single-phase distribution transformers, manufactured in large numbers, the use
of non-magnetic stainless steel can result in considerable energy savings. A stainless-
steel insert between holes was found to be effective in appreciably reducing the load
loss on nine ratings (5 kVA to 167 kVA) of single-phase transformers. The extra cost
of the non-magnetic stainless steel can be recovered in about a year, due to the energy
savings for a 50-kVA transformer. The non-magnetic stainless steel is recommended for
transformer ratings above 37.5 kVA.
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