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Abstract This paper presents a method for the design of
shell-type, single-phase distribution transformers to obtain
the manufacturing specifications. The method is simple, effi-
cient and accurate. By an exhaustive analysis, it is concluded
that the obtained solution is the global optimum. The fol-
lowing constraints are imposed: excitation current, no-load
losses, total losses, impedance and efficiency. The method-
ology of this paper requires only six input data: transformer
rating, low voltage, high voltage, connection of low-voltage
coil, connection of high-voltage coil, and frequency. These
data are included in the transformer nameplate. In this paper,
the minimization of the following four objective functions
is considered: total owing cost, mass, total losses and mate-
rial cost. The consideration of these four objective functions
is implemented automatically by running the optimization
algorithm four times without intervention of a designer. Con-
sequently, transformer manufacturers save design man-hours
and increase capacity. A design example on a 25 kVA trans-
former is presented for illustration. The optimized solutions
of transformer design are validated with laboratory and pro-
cess measurements.
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List of symbols

Constants

DAl Aluminum conductor density (kg/m?>)

PCu Copper conductor density (kg/m?)

Peore Core density (kg/m>)

LF Lamination factor (%)

B Load loss cost rate (US$/W)

Wk Loss factor of stray losses (dimensionless)
A No-load loss cost rate (US$/W)

AV,ccsa  Number of alternative values of aluminum

conductor cross-sectional area

AVccesa  Number of alternative values of copper
conductor cross-sectional areas

AViw Number of alternative values of lamination
width

AVpnrg  Number of alternative values of magnetic flux
density

AV ]yt Number of alternative values of turns of low
voltage

Waay  Volumetric resistivity and material density
factor for aluminum (2 mm*/kg)

Waicuy  Volumetric resistivity and material density

factor for copper (€ mm*/kg)

Dependent variables

JAl Aluminum conductor current density (A/mm?)
LLA; Aluminum conductor losses (W)

Mp;  Aluminum conductor mass (kg)

Jcu Copper conductor current density (A/mm?)
LLcy  Copper conductor losses (W)

Mc, Copper conductor mass (kg)

M, Core mass (kg)

E Core thickness (mm)
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G Core window height (mm)

F Core window width (mm)

Hy, Wy, Dimensions of the winding window (mm)

Aef Effective core cross-sectional area (mm?2)

n Efficiency (%)

Thy High-voltage thickness (mm)

LL Load losses (W)

Tiv Low-voltage thickness (mm)

MMC Main materials cost (US$)

MLTypy Mean length of a turn of high-voltage
winding (mm)

MLTry  Mean length of a turn of low-voltage
winding (mm)

NLL No-load losses (W)

Nuv Number of turns of high-voltage winding

%1 Percentage of excitation current

Ap Physical core cross-sectional area (mm?)

Wkg Specific no-load losses (W/kg)

TOC Total owning cost (US$)

Ttw Total winding thickness (mm)

Y7 Transformer impedance (%)

VA Volt ampere

VAy, Volt ampere per kilogram (VA/kg)

Vi Volts per turn

Input variables

f Frequency (Hz)

Vuv  High voltage (V)

Vv  Low voltage (V)

No  Number of phases

St Transformer rating (kVA)

Solution loop variables

Sai Aluminum conductor cross-sectional area (mm?)

Scu  Copper conductor cross-sectional area (mm?)

D Core width (mm)

B Magnetic flux density (T)

Npy  Number of turns of low-voltage winding
Constant values do not change, except in the cases
that transformer customer requires new materials or
different level of losses, the transformer
manufacturing process change or there are important
changes in the world economy. Values of the
dependent variables are calculated by the
optimization software of transformer design.
Values of the input variables are chosen by
the transformer designer each time that transformer
designer requires a new design.
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1 Introduction

In order to compete successfully in a global economy,
transformer manufacturers need to design software capable
of producing optimal designs in a very short time [1]. Tradi-
tionally, the transformer design problem has been surrounded
by much art. The first transformer design by computer was
performed in 1955 [2]. After 1955, more research in trans-
former design using computers was presented by [3—7]. Sev-
eral design procedures for low-frequency and high-frequency
transformers have appeared in the literature after 1970 [8,9].
Rubaai [10] describes single-phase core type and shell-phase
transformer design software that is part of an electric machin-
ery class, each student optimizes the design by observing the
effect of the parameter variations on the transformer per-
formance, and the design is limited to the specifications for
the core and coils of the transformer. His software has 21
input parameters and the values of the independent variables
are chosen by the students. Jewell [11] makes a functional
proposal with students in electrical engineering in which the
students design, build, test, model and analyze a 10 VA toroi-
dal iron core transformer. The program has applications in
both the classroom and in the industry, and it is useful for
designing the following types of transformers: 1-1,000 kVA
rating, 20-500 Hz fundamental operating frequency, single-
phase shell-type transformer or three-phase core-type trans-
formers. Reference [12] deals with the teaching of design of
three-phase or single-phase dry type transformers, based on a
computer program, where the user optimizes its design based
on trial and error. Reference [13] is a study on the relationship
of weight and volume against frequency for high-frequency
transformers. Poloujadoff and Findlay [14] present the vari-
ation in the price of the transformer as a function of the pri-
mary turns, which is approximately a hyperbolic function.
They also presented cost curves of the transformer against
magnetic flux density and against current density. Andersen
[15] presented an optimizing routine, called Monica, which is
based on Monte Carlo simulations. Basically, his routine uses
random numbers to generate feasible designs from which the
lowest cost design is chosen. Breslin et al. [16] presented a
web-based transformer design system where users can create
new optimized transformer designs and collaborate on previ-
ous designs through a shared information space which allows
for collaboration among users where designs can be shared
and analyzed. In [17], simulated annealing technique was
proposed for obtaining the optimal design of a three-phase
power transformer. Other researchers considered the use of
genetic algorithm techniques in transformer design [18,19].
Singh and Saxena [20] presented an optimum design of dis-
tribution transformer using aluminum conductor. Jabr [21]
show that transformer design optimization problem can be
formulated in geometric programming format. This method
guarantees that the obtained solution is the global optimum.
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Table 1 Software capabilities

The output is correct or sufficiently precise for transformer designer for the case of single-phase transformer

Everything needed for the software is included; the user needs to supply only six input data

Only six input data are required: transformer rating, low voltage, high voltage, connection of low-voltage coil,

Accurate
Complete
Efficient Computing resources are not wasted (time, memory)
Easy to use
connection of low-voltage coil, and frequency
Expandable New features and functions can be added, for example the three-phase transformer
Measurable The software performance (time) is measured (Fig. 3)
Self contained

The software performs all the necessary functions itself, e.g., initializes variables, checks inputs, etc

Table 2 Effort required on various activities of software development

Activity %
Specification (The general functional requirements of the system were analyzed and transformed into a

concrete set of specifications for the software. The input and output were precisely defined) 20
Design (Algorithms were identified for implementation. Flowcharts were written) 10
Coding (The software code was written and preliminary debugging was done) 20
Testing (The program was tested to see if it performs according to the specifications and design) 25
Integration (The various programs were put together to build the whole system) 10
Documentation (This activity is part of each of the other activities. Some documentation is for the team that is

building the software and some is for the software users) 15

Hernandez et al. [22] presented an intelligent design assis-
tant that consists in a knowledge-based system that design
of distribution transformers. The presented system is formed
by a user interface developed in Visual C++, a knowledge
base implemented in CLIPS and an inference engine that
processes the knowledge in a forward manner. They vali-
dated the intelligent design assistant designing a 1,500 kVA,
13.2/0.22 kV distribution transformer.

This paper proposes a design methodology capable
of minimizing the objective function while ensuring the
fulfillment of constraints for a single-phase transformer man-
ufactured with electrical steel with 3% silicon [23]. Four
objective functions are considered: total owning cost, mass,
total losses and cost of materials. The optimal solution for
each one of the four objective functions is obtained auto-
matically by running the optimization algorithm four times.
In addition to the construction limitations, the following
five constraints are considered: limits on excitation current,
no-load losses, total losses, impedance and efficiency. The
high-voltage winding of this paper is manufactured with cop-
per and the low-voltage winding with aluminum due to val-
idation since experimental results were available with this
configuration. Today, many distribution transformer manu-
facturers are moving toward the manufacturing of aluminum
transformers. There are companies that manufacture distri-
bution transformers with aluminum, e.g. Cooper Power Sys-
tems (http://www.cooperpower.com/library/pdf/99028.pdf,
accessed Nov 2009).

Due to its simplicity, some transformer manufacturers
have successfully used the principle of the proposed mul-
tiple design optimization method in the manufacturing of
distribution transformers, but to our knowledge this meth-
odology has not been widely studied yet [24], most proba-
bly because the efficiency and accuracy of the transformer
design optimization is a strong differentiation point among
transformer manufactures that are competing in a global mar-
ketplace. The proposed technique can be extended to other
types of transformers and other electromagnetic devices. The
advantage of the proposed methodology over others is that
its implementation in software is very economical. The pro-
posed transformer design methodology and software has a
number of different capabilities that are somewhat indepen-
dent (see Table 1). Table 2 gives the total activities for this
software. There is a universal agreement that software costs
are high. Programmer productivity is usually measured in
lines per man-month, which we abbreviate lines per month.
The results show a wide variation: productivity ranged from
5 to 5,000 lines per month. The cost of the proposed soft-
ware was US$1 per line considering Mexican salaries. In
extreme cases, costs can reach $1,000 per line [25]. This
is especially important for many of the small transformer
manufacturing companies, which have used spreadsheets to
satisfy their own design needs. These companies could save
substantial design man-hours, increase their design capacity
and minimize transformer material cost with the minimum
intervention of a designer.

@ Springer
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2 Main design formulas for the distribution transformer

The proposed transformer design methodology presented
here covers the following: single phase transformer, shell-
type core construction, wound-type core construction, low-
high-low windings, rating: 5-167 kVA, primary voltage:
13.2-33 kV, secondary voltage: 240/120 V.

The most important formulas for the design are presented
below. Transformers can be manufactured with the results
of the program. The authors are working in the development
of commercial software for transformer design based on this
methodology.

The following assumptions for the design example
(Sect. 6) are made: the magnetic flux density is constant
throughout the core. The low-voltage coil is wound clos-
est to the core (low-high-low winding). The number of
turns is rounded to the nearest integer during the optimi-
zation process. Material waste costs are ignored. High-volt-
age winding is manufactured with copper round conductor,
while low-voltage winding is manufactured with aluminum
laminated conductor. Standardization is applicable in many
transformer design variables, e.g. in core dimensions (core
width, core window width and height). Minimum efficiencies
used in this work are for power factor equal to one. Opera-
tion frequency is 60 Hz. Lamination factor or space factor
is 97.6% for M3 lamination. Transformer voltage class is
15 kV. Margin is 1 cm (for 95 kV BIL). Primary voltage is
13,200 Grd Y/7,620 V, secondary voltage is 240/120 V. Main
high-low-voltage barrier is 5 mm.

2.1 Core cross-sectional area

Assuming a frequency of 60 Hz, the effective area of the core
is expressed as follows [26]:

225,078.215 - (Vv/Nrv)

B.-f
_225,078.215 - (Vv /Nuv)

B-f

where Vi = Vi y/NLy = Vav/Npv are volts per turn, which
are equal for primary and secondary windings. In [27], it
is presented a good approximation of volts per turn for
single-phase transformers and it is calculated with V; =
81.19885, 047,

Aef =

D

2.2 Core thickness

After selecting the lamination width, the core thickness E is
calculated from [28]:

Aet

E=—— 2
2.-D-LF )
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Note that the factor 1/2 appears in (2) because the assembly
of every winding of shell-type transformer requires two cores
(see Fig. 1a.)

2.3 Core window

The dimensions of the core window, F (width) and G
(height), are derived from coil height and thickness, respec-
tively [28]. The transformer cores are manufactured with
steel with 3% silicon. Interested readers in amorphous cores
can consult [29].

2.4 Core mass

The core mass is derived from [30]:
Mc=Q - E(F+G)+T1-E*-LE-D- peore - 107% (3)

The dimensions of the core are shown in Fig. 1b.
2.5 No-load losses

The no-load losses depend on the magnetic flux density at

which the transformer operates as well as the physical char-

acteristics of the magnetic material [31]. The specific no-load

losses at 60 Hz for magnetic material with 0.23 mm lamina-

tion are obtained from [32]:

wkg = —43.34266 + 16.92744 - B — 2.62944 - B*
+0.20421 - B> —0.00791 - B* 4+ 0.00012 - B> (4)

The no-load losses are obtained from [28] as:

NLL = Mc - wyg (@)
2.6 Excitation current

Volt ampere per kilogram at 60 Hz for 0.23 mm core lami-

nation are obtained from [32]:

VAy, = —0.54004 + 0.52255 - B — 0.16564 - B? (6)
+0.02506 - B> —0.00169 - B* +0.0000426 - B

The excitation current is determined using:
VA
10 - St

Interested readers in calculation of waveforms of excitation
current are referred to [33].

% I =

@)

2.7 Winding conductor mass and load losses

The conductor mass and load losses are derived from:

Ma; = MLTyy - My - Ng - Sa1 - par - 1076 (8a)
Mcy = MLThy - Ny - Ng - Sar - pcu - 107° (8b)
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Fig. 1 Active element.

a Single-phase shell-type
transformer picture taken during
manufacturing; the cores are
assembled: b core dimensions,
¢ low-high-low winding
dimensions. High-voltage
conductor is made of copper
wire and low-voltage conductor
is made of sheets of aluminum

(b)

L

FJ

LLa1 = J3, - Ma1 - Wacan - Wi (9a)
LLcy = J&, - Mcu - Waccu) - Wi (9b)
LL = LLA; 4+ LLcy (9¢)

The dimensions of the low-high-low winding are shown
in Fig. Ic. The interested reader on low-high-low windings
of single-phase transformers is referred to [34].

2.8 Efficiency

The efficiency is computed for full-load at unity power factor.
The efficiency is computed by:

St

=—100%
LL 4+ NLL + St

n (10a)

2.9 Total owning cost

The total owning cost takes into account not only the initial
transformer cost, but also the cost to operate and maintain
the transformer over its life. The TOC is given by:

TOC=MMC+ A-NLL+ B-LL (10b)

From [35], A = 8.16 US$/W (no-load loss cost rate)
and B = 4.02 US$/W (load loss cost rate). MMC is the
cost of transformer main materials, i.e., core cost, winding

© - :
Tiw Low-voltage terminals
Insulation against
the core
Interior insulation
P
L[| Interior low-voltage
winding
H, - High-voltage winding
T T |~ Exterior insulation
&\\/ E)fter'ior low voltage
ceos winding
Ty~ e g
— High-voltage terminals
—w—

cost, mineral oil cost, etc. The authors have made a sensi-
tivity analysis fluctuating coefficients A and B for selection
of core lamination thickness in distribution transformers. If
TOC is minimized, 79% of the analyzed transformers have
a lower TOC when designed with M3 lamination and 21%
when designed with M2 lamination [36].

3 Performance constraints

Performance constrains are used to determine the feasibility
design region where optimal design parameters of the trans-
former can be determined. Following are the constraints that
are included in the design optimization method.

3.1 Efficiency

The minimum efficiencies versus transformer rating and
insulation class for single-phase transformers can be seen
in Fig. 2, part of which has been taken from the Mexican
standard [37].

3.2 Excitation current
According to [37], the excitation current should not exceed

1.5% in all single-phase and three-phase transformers with
capacity greater than 45 kVA. For three-phase transformers
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99.2 Table 4 Impedance constraints for single-phase transformer from 5 to
99 ‘ 167 kVA [37]
98.8 ; :jpe4 Insulation class (kV) Impedance (%)
= 98.6 1.2-25 1.5-3.00
x 95 kV BIL
< 984 150 kV BIL 25 1.50-3.25
9 200 kV BIL 34.5 1.50-3.50
$ 982
S
5 98
97.8 straints: maximum limits on magnetizing current, the no-load
976 losses, total losses, max and min limits for the impedance and
aminimum limit for the efficiency. In Sect. 5, we have shown
97.4

0 20 40 60 80 100 120 140 160 180
size (KVA)

Fig. 2 Minimum efficiencies required by the Mexican standard for
single-phase transformer [37]

Table 3 Maximum no-load losses (W) and maximum total losses (W)
for single-phase transformers [37]

kVA  Basic insulation level

95 kV 150 kV 200 kV

Noload  Total Noload  Total Noload  Total

losses losses  losses losses  losses losses
5 30 107 38 112 63 118
10 47 178 57 188 83 199
15 62 244 75 259 115 275
25 86 368 100 394 145 419
375 114 513 130 552 185 590
50 138 633 160 684 210 736

up to 45 kVA, the excitation current should not be larger
than 2.0%.

3.3 No-load losses and total losses

Table 3 shows the maximum no-load and total loss constraints
for distribution transformers.

3.4 Impedance

Table 4 shows the impedance constraints for single-phase
and three-phase distribution transformers. The impedance
depends on the insulation class and the transformer rating.

4 Transformer design optimization methodology

The transformer design is an optimization problem of the
form: Minimize an objective function, subject to a set of con-

@ Springer

the actual values of the constraints.

The objective function can be one of the following:
(1) transformer total owning cost, (2) transformer mate-
rial cost (conductor cost + core cost + oil cost + insu-
lation cost 4 tank cost), (3) transformer mass (conductors
mass + core mass + oil mass + insulation mass + tank mass);
or (4) transformer total losses (no-load losses + load losses).
The optimization problem for a specific 25 kVA transformer
design example, for all the objective functions, is formu-
lated as:

min TOC
subject to %I < 1.5%,NLL < 86 W,
NLL +LL < 368W, 1.5 < %Z < 3.0,
n > 98.55% 11

min Transformer material cost
subject to %I < 1.5%,NLL < 8 W,
NLL 4+ LL < 368W, 1.5 < %Z < 3.0,
n > 98.55% (12)

min Transformer mass
subject to %I < 1.5%,NLL < 86 W,
NLL +LL < 368W, 1.5 < %Z < 3.0,
n > 98.55% (13)

min Transformer total losses
subject to %I < 1.5%,NLL < 86 W,
NLL 4+ LL < 368W, 1.5 < %Z < 3.0,
n > 98.55% (14)

The process of finding the optimum transformer using
the proposed methodology was implemented in MATLAB,
which uses the following input data: transformer rating, low
voltage, high voltage, connection of low-voltage coil, con-
nection of high-voltage coil and frequency.

The computer program allows the variation of all the
design parameters (low-voltage turn number, low-voltage
cross-section area, high-voltage conductor, lamination width,
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Table 5 Ranges of solution

loop variables Variable

Initial value

Final value

Alternative values

Low-voltage turns

Low-voltage conductor
cross-sectional area
(mm?)

High-voltage conductor
cross-sectional area
(mm?)

Lamination width (mm)

Magnetic flux density (T)

81.19885, 4% — 5

81.19885: 4% +5

11

34.29 452.12 7
6 AWG 15 AWG 10
152.4 203.2 3
1.5 1.7 20

800 : ‘ ‘
— Fitted curve
700 | 0 Measurements}

3 4 5 6 7 8 9 10 11 12 13
Number of iterations x 10

Fig. 3 Computational cost versus number of designs calculated or iter-
ations. (The CPU time = 0.0097 x number of designs —392.2013, i.e.,
afunction of degree 1 that fits the measurements in a least squares sense)

magnetic-flux density) for the ranges shown in Table 5, which
permit the investigation of all feasible solutions. For each
one of the feasible solutions, the algorithm checks if all the
constraints are satisfied, and if they are satisfied the solu-
tion is called acceptable. The feasible solutions that violate
the constraints are called non-acceptable solutions. From
the acceptable solutions, the transformer with the minimum
value for the objective function is the optimum transformer.

The number of evaluated designs is calculated using com-
binational analysis. Based on the last column of Table 5, we
have that the number of designsis 11-7-10-3-20 = 46,200.
The computing time for a transformer design using MATLAB
software depends on the number of designs. The tests were
made on a computer Intel Celeron D CPU 430@1.80 GHz,
960 MB RAM. In Fig. 3, the computational cost is plotted
versus the number of designs. It can be seen that the com-
putational cost is approximately linear with the number of
evaluated designs. This is also valid for different transformer
ratings.

Figure 4 shows the flow chart for optimizing TOC, where
Nwmrp is the number of possibilities for the magnetic flux

density, Ncg is the number of alternatives for high-voltage
conductors, Npyt is the number of choices for low-voltage
turns, Npw is the number of options for laminations width
and Npya is the number of substitutions for low-voltage con-
ductors. Other objective functions can substitute TOC in line
19 of Fig. 4.

5 Design example: 25 kKVA transformer

Table 6 shows the three solutions with the lowest TOC
and the three designs with the highest TOC of a total of
955 feasible solutions. It is observed that the total owning
cost of the optimum transformer is US$ 2,267.01. The opti-
mum solution is 28% less expensive than the most expen-
sive one. The proposed methodology was used to design
a 25 kVA-13,200 Grd Y/7620 V-240/120 V transformer
at 60 Hz. The following design constraints were imposed:
%I < 1.5%,NLL < 86 W,NLL + LL < 368W, 1.5 <
%7 < 3.0,n > 98.55%. With this information, the trans-
former design software produces the optimum transformers
for different objective functions as shown in Table 7. The
minimum TOC transformer is shown in the second column.
The results of minimum mass design are given in the third
column of Table 7. The transformer with the same input data
was designed to minimize total loss and results are shown in
column 4. Finally, column 5 of Table 7 presents the optimiza-
tion of transformer material cost. The problem of minimizing
losses is equivalent to the problem of maximizing efficiency.
In Table 8, it is shown that there is a small difference between
the laboratory and process measurements and design values
obtained with this methodology for the 25 kVA transformer
using as objective function the TOC.

An advantage of analyzing all possible designs is that run-
ning the optimization algorithm multiple times the designer
gets the answer for all objective functions without interven-
tion of a designer. Only sorting is needed once the solution
is obtained.
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Input data
# Phases
kVA
kVbt
kVat
Frequency
Connection

¢<

Calculate volts per turn

Calculate dimension of the core

Calculate current densities for low voltage and high voltage
“al coil di ions and its i i

Calculate winding weight

Calculate transformer impedance

Calculate core weight and no-load losses

Calculate load losses

Calculate total losses

Calculate efficiency

Calculate tank dimensions and oil volume

Calculate oil-copper gradient

Calcule TOC

AVeea= 6 o 15,

STEP=1

AVp=15t0 17,

AV, = 811988, 47-.

to 81.1988; 745, AV, =1to4,

STEP=1

STEP=0.1 STEP=1

NO

oes the design meets
the given constraints?,

Transformer designs that do not
meet the given constraints are
removed.

Design
accepted

Obtain the Transformer design with the lowest
TOC

Optimal design

Fig. 4 Simplified flow diagram for transformer optimization using TOC as an objective function

Table 6 Acceptable solutions sorted by transformer total owning cost

Number TOC Total Core Conductor Core Total losses B (T) LV turns Efficiency
(US$) material mass mass (kg) losses (W) (W) (%)
cost (US$) (kg)
2,267.01 668.08 84.83 40.76 85.21 309.41 1.51 19 98.78
2,275.7 590.15 83.59 34.49 83.93 332.17 1.51 19 98.69
2,2717.5 668.31 83.02 41.41 84.84 312.34 1.52 19 98.77
953 3,115.56 1,303.68 82.27 93.21 82.63 364.97 1.51 21 98.56
954 3,127.35 1,303.69 82.27 93.21 84.08 366.42 1.52 21 98.56
955 3,139.5 1,303.68 82.27 93.21 82.27 364.61 1.53 21 98.56

6 Conclusions

The development and application of an optimal design
procedure for shell-type distribution transformers has been

@ Springer

presented. The proposed methodology has many advan-
tages for transformer manufacturers, since they can save
design man-hours and they can increase their design capac-
ity. The advantage of this methodology over others is that its
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Table 7 25 kVA-13,200 Grd Y/

7,620 V=240/120 V transformer Parameter Objective function optimized
design at 60 Hz Minimum Minimum Minimum Minimum
TOC transformer total losses transformer
mass material cost

No-load losses (W) 85.21 83.06 85.98 83.79
Core mass (kg) 84.83 68.6 87.08 79.14
Core cost (US$) 192.80 155.89 197.9 179.87
Load losses (W) 224.2 279.27 176.1 282.17
Conductor mass (kg) 40.76 38.81 95.39 29.93
Winding cost (US$) 414.06 384.53 1,013.94 288.98
LV turns 19 21 22 20
HV turns 1,266 1,399 1,466 1,333
B (T) 1.51 1.61 1.5 1.54
Efficiency (%) 98.78 98.63 98.96 98.58
TOC (US$) 2,267.01 2,397.9 2,699.44 2,380.05
Transformer mass (kg) 221.50 172.11 267.95 184.89
Total losses (W) 309.41 362.33 262.08 365.96
Transformer material cost (US$) 668.08 594.89 1,287.66 529.34

Table 8 Relative errors between measurements and calculations for References

25 kVA transformer using as objective function the TOC

|Design value — measured value|
100%

Variables
measured value

Weight of high-voltage conductor 1.1

Weight of low-voltage conductor  1.05
Core weight 0.2
No-load losses 3.4
Load losses 11.4
Percentage of excitation current  13.2
Percentage of impedance 0.3
Efficiency 0.5

codification is very easy. Therefore, it is ideal for use in small
transformer manufacturing companies that could implement
it in few weeks. Inexperienced engineers can successfully
use this software.

The approach of this paper consists in the methodological
analysis of all possibilities. Therefore, avoiding the common
trial-and-error based on knowledge and experience of trans-
former designer. In this paper, we have optimized the trans-
former design using four different objective functions: (1)
minimum total owning cost, (2) minimum mass, (3) min-
imum total losses and (4) minimum transformer material
cost. The software was tested by designing a 25 kVA—
13,200 Grd Y/7,620 V, 240/120 V, oil-filled, single-phase
distribution transformer resulting in a small error with respect
to laboratory and process measurements.
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