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PARAMETERS OF A CORE-FORM POWER TRANSFORMER

Tamas Orosz — Zoltan Adam Tamus

The first step in the transformer design process is to find the active part’s key design parameters. This is a non-linear
mathematical optimisation task, which becomes more complex if the economic conditions are considered by the capitalisation
of the losses. Geometric programming combined with the method of branch and bound can be an effective and accurate
tool for this task even in the case of core-form power transformers, when formulating the short-circuit impedance in the
required form is problematic. Most of the preliminary design methods consider only the active part of the transformer and the
capitalised costs in order to determine the optimal key design parameters. In this paper, an extension of this meta-heuristic
transformer optimisation model, which takes the cost of the insulating oil and the cooling equipment into consideration,
is presented. Moreover, the impact of the new variables on the optimal key design parameters of a transformer design is
examined and compared with the previous algorithm in two different economic scenarios. Significant difference can be found

between the optimal set of key-design parameters if these new factors are considered.

Keywords:
insulated transformer

1 INTRODUCTION

The design process of the power transformer is a com-
plex, multidisciplinary optimisation task. The specified
parameters must be fulfilled not only electrically, but also
mechanically and thermally. Consequently, transformer
design optimisation belongs to the most general cate-
gory of mathematical optimisation problems. In this field,
there are no algorithms or iteration schemes, which guar-
antee the finding of the global optimum [1-3]. Moreover,
the transformer’s cost optimisation process is based not
only on the manufacturing cost minimisation, but the
minimisation of the total cost of ownership(TCO). This
idea is not new, first mentioned by Kapp [4], and shortly
before WW1, the pioneer company in transformer man-
ufacturing (GANZ) considered the lifetime costs. They
produced transformers with different core loss and load
loss ratios for water and steam power plants [5, 6]. Nowa-
days, more sophisticated methods are used considering
many more economic parameters than the utilization fac-
tor of the equipment alone. The technique of capitalisa-
tion of the losses is used generally to take the economic
aspects into consideration [7]. Because of the complexity
and a lot of uncertainty in this task, several theories have
been proposed to explain the capitalisation factors in the
literature [8-23].

From the beginning of the 1950’s many computer
based algorithms have been introduced to determine the
optimal key design parameters simplifying and accelerat-
ing the time-honoured, cut-and-try based design process
[2,13-18]. Therefore in the last decades, a wide range
of mathematical optimisation methods have been imple-
mented for this design optimisation problem, such as

design optimization, mathematical programming, power transformers, transformer insulation, oil-

Monte Carlo simulation [18], artificial intelligence tech-
niques and neural networks [19], evolutionary and genetic
algorithms [13-18], and geometric programming (GP)
[1,20,24,25]. The importance of GP is based on the re-
cent developments in the solution methods, which can
solve even large-scale GPs extremely efficiently and accu-
rately [26-28]. The authors have shown a general meta-
heuristic approach, which is based on the GP and capa-
ble to determine any core-form power transformer designs
[25]. All of the reviewed methods [14], including the previ-
ously mentioned meta-heuristic optimisation method [25],
are focused on the design of the active part of the trans-
former, which consists of the manufacturing price of the
core and the windings, only. These models have a sat-
isfactory level of accuracy in the absolute value of the
TCO, hence these papers do not deal with the cost of the
insulation oil and the radiator banks in the case of core-
form power transformers. There are two main reasons,
why this simplification cannot cause significant difference
in the value of the global optima: well known, that the
shape of the optimal curve is flat, secondly the relative
value of the cooling equipment is only 5-15 % of the prod-
uct price and the cost of this equipment is assumed as a
linear function of the losses [2]. Instead of the low price
of a radiator bank the radial size of this equipment has a
huge impact on the overall size of a transformer which can
be restrictive in the case of strict size limitations. More-
over, the main goal of this optimisation task to provide
the initial values of the key design parameter not only to
predict the optimal value of the TCO.

Moreover, there are new insulating oils, synthetic es-
ters and silicon oils on the market with different ther-
mal and electrical performance which are not consid-
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Table 1. Basic set of design variables in the realized optimisation

model
Quantity Dimension Variable
Load Loss kW Py
No Load Loss kW P
Main insulation distance mm g
Width of the working window mm s
Core induction T B
Core diameter mm De
Core mass t M.
Tank length mm L
Tank width mm w
Tank height mm H
secondary mm ts
Winding thickness primary mm tp
regulating mm r
secondary ~ A/mm? Js
Current density  primary A/mm? Jp
regulating  A/mm? Jr
Winding height  secondary mm hs
secondary mm Ts
Mean radius primary mm Tp
regulating mm rr

Abstract variables for short-circuit impedance calculation
a,b,c,d, e f

New variables

Oil volume m? Voil
Number of radiator elements 7# tr
Thermal head mm hi

New abstract variables for the cooling calculations

ni, n2, N3

ered in these preliminary design optimisation algorithms
[29]. This paper begins with a short introduction of the
preliminary introduced meta-heuristic approach. Then it
presents an extension for this meta-heuristic algorithm,
which can take the insulation oil into consideration. Fi-
nally, the results of the new, extended transformer op-
timisation algorithm are analysed and compared by the
previous one in a case study with two economic scenarios.

2 THE GEOMETRIC PROGRAMMING
BASED META-HEURISTIC ALGORITHM

Jabr has shown [20] that the transformer design prob-
lem can be solved accurately by geometric programming
(GP). The use of this branch of non-linear mathematical
optimisation has two main advantages: guarantees that
the obtained solution is the global minimum and it can
be solved efficiently by the novel interior-point method
based algorithms [1,26-28]. To formulate a problem in
GP format, the equality constraints shall be formulated in
monomial form, and the inequalities in a special posyno-
mial form [26]. The previous articles of the authors [24, 25]
have shown that the short circuit impedance cannot be
formulated in either monomial nor in posynomial format
properly. A solution for the problem has be shown by the

combination of this method with a branch and bound
search [25]. The BB executes a binary search in sense
that the solution space is divided into several subspaces,
which can be described in appropriate convex terms [25].
The BB can produce large number of sub-cases, but the
BB is usually quite efficient in the practice because it
employs advanced techniques to remove certain parts of
the search tree before evaluation. This meta-heuristic ap-
proach provides a solution which is close to the global
optima rapidly.

3 OPTIMISATION MODEL OVERVIEW

The following subsections give a short overview from
the model. Tt discretizes the used model variables (Ta-
ble 1), the used object function and the constraints, which
determines the physical properties of the transformer.
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Fig. 1. Design variables in a working window of a core-form trans-
former’s active part

3.1 Objective Function

The objective of this optimisation model is to reduce
the total cost of ownership (T'CO), which involves the
product price (PP) and the capitalised cost of the losses.
The T'CO is defined by

TCO = PP + K Py + Ko Py, (1)

where P, and P represent the no-load and the load
losses. These are design variables, which are summarised
in Table 1. K; and K, are the capitalisation factors
of no-load and load loss, respectively, in EURO/kW. As
discussed in the Introduction, to obtain the exact value of
PP is the result of a complex transformer design process.
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Therefore, this optimisation process takes the transformer
active part into consideration according to the literature,
because the dimensions of this part determine the overall
dimensions of the transformer. In this paper the term
“active part” means the sum of the core and the windings.
So the PP is approximated by fy as follows:

PP:fOZZCkMka (2)
k=0

where O} is the specific cost of the k'™ material of
the transformer’s active part in EURO/kg, and M is
the mass of the &' material in kg. In this model k =
0,1,2,3 represents the transformer’s core, the primary
winding, the secondary winding and the regulating wind-
ing. The investigated working window arrangement, and
the schematic view of the geometrical design variables is
shown in Fig. 1.

3.2 Active Part Model

The active part model’s performance parameters are
determined by the equality and inequality constraints.
These transformer performance parameters are included
in the nameplate data [20], [20]. The variables of the
optimisation model are summarised in Table 1.

Several types of windings and winding materials can
be applied in a core-form power transformer winding sys-
tem, (eg disc, layer, helical) and to select the best suit-
able solution, the designer must consider many require-
ments (eg lightning impulse test), which are considered
in the tendering design stage only approximately. There-
fore, instead of handling the different types of winding
systems, this model takes the windings into consideration
with their copper filling factor, which is defined by the ra-
tio of the winding cross section and the sum of the copper
cross section. This is a widely used technique in the in-
dustry [1-3, 18, 20], gives reasonable results for the copper
masses and the load losses. This factor is estimated ac-
curately, from the manufacturer’s database from similar,
manufactured windings (voltage, power, insulation class
and the type of the winding). From the windings’ cop-
per mass, the DC losses are easily calculated. The precise
calculation of stray losses needs advanced numerical or
analytical methods [1-3]. In the optimisation algorithm,
an analytical formula is used to estimate the optimal eddy
losses in the windings and an empirical factor is used to
take into consideration the other stray losses, which are
generated in the structural components.

The core mass is calculated from the core geometry,
which is determined by the core diameter, the turn volt-
age, the geometry of the working window (Fig. 1) and the
type of the core. In this paper a three-phase, three-legged
core is examined. There are many advanced techniques
described in the literature for core loss calculation [13—
16, 31]. Because of the GP modelling restrictions, the no-
load loss is calculated by a simple multiplication of the
core mass and the power loss [W/kg]. The power loss is
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a fitted function to the manufacturer given loss curve of
the chosen electrical steel [32].

As previously mentioned, in the case of shell type
transformers the usability of the GP is not problematic
because a prescription for the short circuit impedance
(SCI) can be written in the desired monomial form. How-
ever, in the case of core-form transformers, this cannot be
done. Moreover, the critical lower bound cannot be for-
mulated in the required polynomial form. Therefore, the
SCI is calculated via the branch and bound search by
some abstract variables which represent the parts of the
SCI formula (Table 1). The method of branch and bound
search is used to execute a binary search in this subspace.
The [33] describes the meta-heuristic method in more de-
tail.

The tank dimensions are calculated from the outer
dimensions of the active part and the insulation struc-
ture (Fig. 2). Limiting the outer dimensions has high im-
portance, because the transportation cost increases non-
linearly and plays an important role in the transformer
installation cost.

1 D

2 2
3 3

H
A B
—_— ==

2 2
1 C

Fig. 2. The insulation structure of the examined transformer. The

applied insulation distances are denoted by label A and B. The

numbers indicates the different sections which used for the oil vol-
ume calculation.

3.3 Extension of the Transformer Model with
the Cost of the Oil

Firstly, the objective function is extended with the cost
of the insulating oil and the cost of the radiators:

f6 = fo+ CoitVoil + Cradtrad , (3)

where Co; and Ci.q represent the cost of the oil and the
radiators, respectively in EURO/m? and in EURO /piece
dimensions.
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Radiator
elements

Fig. 3. Schematic view from a radiator type, natural oil flow type
cooling. The diagram shows the new GP model variables (h: and
hr) which are introduced in the extended transformer model.

The transformer oil is contained by not only the trans-
former’s tank, but also within the conservator and the
cooling equipment. For the sake of simplicity this model
expects an xxAN type [34, 35] outer cooling system, where
the generated heat is dissipated by radiators (see Fig. 3).
This can be defined by

‘/Z)il = VTo + VCo + VRO P (4)

where Vo, Voo and Vi, mean the oil volume in the
tank, conservator and cooling system of the transformer,

respectively in m?.

The volume of the oil in the transformer’s tank (V)
is generally determined by

Vot = LW H = Vap, ()

where the first part of the equation is the inner volume
of the transformer’s tank, the second part of the equation
represents the volume of the active part elements. This
volume can be calculated from the variables of the core
and the windings (Table 1), but the subtraction is not per-
mitted by the rules of the geometrical modelling [26, 27].
Hence the inner region of the transformer is modelled by
the sum of the different sections, see in Fig. 2. Therefore,
the sum of these sections approximates the mass of the
oil contained by the tank. The volumes of these different
sections can be expressed as

Voin = (D + O)L W, (6)

where D is the distance between the core and the cover
in [mm], the C is the distance between the core and the
plate in [mm)]. These distances are illustrated in Fig. 2. L
and W are the length and width variables of the previous
model (Table 1).

Voilo = (2DC +E)(2S+A+B+25M5)L, (7)

where D¢ is the diameter of the transformer’s core and
the yokes in this case, s denotes the width of the work-
ing window, so it is also a design variable (Table 1). E
represents the sum of the end insulation in mm. A and
B are the insulation distances in the transformer tank,
see in Fig. 2, in mm. 0,5 is the width of the flux shunt
in (m), if it is applicated.

VoilB = (A + B)hSL, (8)
Viila = m((l - 71'/4)3)2hs , (9)
where m is the number of wound limbs.

Voils = hss(A +2B + 29+ (1 —7/4)Dorre),  (10)

where g is the phase insulation in (mm), and Dorrc is
the contact circle diameter in (mm). Therefore, the oil
contained by the transformer’s tank is defined by

Vro = Voirr + Voirz + Voiz + Voia + Vours, — (11)
The exact calculation of the conservator volume is a
difficult task in this preliminary design stage. However,
the amount of the conserved oil is approximated well by
the widely used method, which uses a simple constant for
the estimation. The selection of this constant (cemp) de-
pends on a manufacturer’s statistical analysis. Therefore,
the calculation of the oil mass is described by
Voo = CompVTo ; (12)

The oil contained by the radiators can be calculated
very easily, if the height of the radiators (h,), and the
total number of the radiator elements (¢) are known by

VRo = Craa t he Ay, (13)
where A, is the area of the radiator element in (mm?),
and c¢paq is a constant which describes the contained oil
in a single element with the given parameters. In the
presented optimisation model a DIN50216-6 type radiator
is used, therefore the radiator width is 520 mm and the
radiator thickness is 45 mm.

3.4 Extension of the Transformer Model with
the Cooling Considerations

The basis of the oil volume determination in the ra-
diator banks is to obtain the sufficient number of radia-
tor elements. Therefore, the GP model is extended by a
method, which is capable of calculating the outer cool-
ing. The total amount of the generated losses (P;) are
passed through to the surface of the tank or the radiators
to the air. This heat dissipation from the tank occurs by
means of radiation and natural convection, which must
be higher or equal than the worst case of the generated
losses. Accordingly, this can be written to the following
form:

Pu+rP <P,
PtSPrad+Pet+Psa
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Table 2. List of the optimisation model input parameters

Parameter Dimension Value
Nominal power MVA 50
Frequency Hz 50
Connection group YNd11
Number of phases # 3
Short circuit impedance % 12
Main gap mm 97
Sum of the end insulation mm 150
LV side distance mm 100
HYV side distance mm 220
Phase distance mm 37
Core-Inner winding distance mm 20
Tertiary clearance mm 66
Core-Tank insulation top mm 50
Core-Tank insulation bottom mm 40
Maximum winding heating above oil K 65
Insulating oil price EURO/1 1.2
Radiator price EURO 23
Number of legs # 3
Flux density limit in columns T 1.7
Core Filling Factor % 90
Material Type M1H
Material Price EURO/kg 3.5
Line Voltage kV 20
Phase Voltage kV 20
Low Voltage BIL kV 125
Winding AC kV 50
Copper filling factor % 70
Material and manufacturing price EURO /kg 12
Line Voltage kV 120
Phase Voltage kV 69.36
High Voltage BIL kV 550
Winding AC kV 230
Copper filling factor % 60
Material and manufacturing price EURO /kg 10
Regulating range % +10
Regulating  Insulation Fully insulated
Winding Regulated winding High voltage

Filling factor

% 60

where r is a factor, represents the extra losses in the
negative tapping position. P,,q and P represents the
heat dissipated in the radiator bank and through the tank
by convection in kW, Py represents the radiation heat loss
in kW.

The expression (15) is unattainable in a GP problem
because it is not posynomial. This means that should it
be used as a constraint function in the GP model as
it is shown for the SCI [25]. Therefore, the GP model
is extended by three new abstract values, which divide
this formula to three convex subspaces, which can be
described in appropriate posynomial terms. The method

of branch-and-bound is applied to consider (15) similarly
to the SCI [25].

3.5 Radiator Heat Dissipation Model

The transformer optimisation model is extended by an
a priory empirical radiator heat dissipation model. In this
model the radiator heat loss area ( A; ) is given by a linear

function of the radiator height (h, ). The (¢;) constant is
calculated by the radiator manufacturer’s data-sheet [32]:

4
P = Apea [ [ ek, (16)
k=1
A, = ¢ hit, (17)

where h, and t are the new variables in the GP model
(Table 1), pea = 0.28kW/m? is the surface heat transfer
coefficient, and the c¢; constants take the differences be-
tween the different radiator layouts into consideration in
an a priory empirical way. The main advantage of eq. (17)
is that it can be added to the GP equation system as a
monomial constraint without any GP modelling difficul-
ties.

3.6 Tank Heat Dissipation Model

The transformer tank heat is dissipated by convection
(Pet) and by radiation (Ps) [1-3,21,36]. These effects
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Table 3. List of the optimisation model results

Al A2 B1 B2
k1 EURO/kKW 7066 7066 7066 7066
ko EURO/KkW 926 926 6825 6825
CORE DATA
core diameter mm 670 640 826 820
flux density T 1.5 1.58 1.52 1.54
core mass t 24.1 22.2 43.9 43.7
core loss kW 17.8 18.9 33.7 34.3
turn voltage \% 105.7 101.6 162.7 162.5
INNER WINDING
inner diameter mm 775 748 992 988
winding height mm 1120 1200 1000 1000
winding width mm 65 67.5 127 127,5
turn number # 189 197 123 123
current density A/mm?2 3.1 2.9 1.15 1.185
OUTER WINDING
inner diameter mm 1004 980 1400 1394
winding height mm 1064 1140 950 950
winding width mm 91 92 205 206
turn number 656 683 426 427
current density A/mm?2 2.6 2.5 0.835 0.905
REGULATING
inner diameter mm 1180 1158 1700 1688
winding height mm 896 960 800 800
winding width mm 11 11.5 21 17.5
current density A/mm?2 2.6 2.5 1. 1.
load loss kW 196 188.6 61.5 61.3
oil volume m3 16.0 15.7 25.75 25.5
radiator nr # 306 296 117 118
tank heat loss kW 10.8 10.75 15.4 15.1
main gap mm 37 37 37 37
copper mass kg 8419 8946 21821 21756
objective function without oil EURO 488156 492917 1054090 1054236
objective function with oil EURO 514700 514628 1087681 1087550

are considered by two similar empirical formulas which
can be easily added to the GP model as a posynomial

constraint.

Py = Afpcacf + Acppcaccp )
P = Aspsacf + Asppsacep s

where pe, = 0.28kW/m? and ps, = 0.28kW/m? are the
surface heat transfer coefficients. The ¢ and cop con-
stants are selected by a measurement, the difference be-
tween them is that ¢t is dependent on the top-oil temper-
ature and c.p is the function of the average oil tempera-
ture. A means the cover surface of the tank and A.p, is
the are of the side surface. They can be easily calculated
by the model variables (Table 1). The radiation surfaces
are calculated similarly but to the periphery of the trans-
former, which is also a function of the radiator elements.

4 RESULTS AND DISCUSSION

4.1 Test Transformer Physical Parameters

The extended optimisation method has been tested
on a three-phase, 50 MVA power transformer. The data-
sheet with all of the selected input parameters is pre-
sented in Table 2.

For the sake of simplicity, the transformer cooling ar-
rangement was chosen as ONAN and the ambient tem-
perature was specified 40 °C. Because of this, the upper
limit of the winding current density was set to 3 A/mm?
in the main windings and 3.5 A/mm? in the regulating
winding. The maximum winding gradient was considered
15 K. The allowed winding oil temperature rise was de-
fined to Oy, = 65 K, according to the IEC-60076 stan-
dard [34]. Therefore, the allowable average oil tempera-
ture rise was ©,, = 47 K with a 3 K margin, and the
maximum oil temperature rise was ©,, = 61.6 K.

The applied core material in the optimisation was a
TRAN-COR H1 grade electrical steel [32]. The maximum
of the flux density was limited to 1.7 T considering the
saturation.
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The insulation distances were chosen by a priory em-
pirical rules [1-3,36]. These methods were based on the
lightning impulse test and AC test prescriptions. The cop-
per filling factors were approximated by statistical data,
which were based on the manufacturing experience.

4.3 Discussion of the Results

Table 3 summarises the optimal design variables in the
four examined cases. Firstly, we can compare the objec-
tive functions in the two sub-scenarios. In both scenarios,
the values of the objective function considering the cost
of the cooling are equal in the two sub-scenarios.

In scenario A, there is no significant difference between
the value of the objective functions. The difference be-
tween the object function of the two sub-cases (Al and
A2) is relatively small (app. 1 %), in contrast to the opti-
mal set of design values where the differences are signif-
icant. The shape of the transformer’s working window is
different in the two sub-cases. As a result of the cooling
considerations the working window is higher and slimmer
in the (A2) sub-scenario, which leads to a higher thermal
head with more effective oil-flow. As shown in Table 3, the
core diameter is less in sub-case (A2), hence the cooling
consideration causes 4 % growth in the turn voltage. This
results the decrease of the core-copper ratio. The mass of
the transformer’s core decreases by 10 % and the increase
in the total mass of the copper is 6 % in the windings.

Similarly, there is no significant difference between the
values of the objective function with oil in the case of
scenario B. Furthermore, there is no significant difference
between the set of optimal design variables. Therefore,
taking the cooling cost into consideration has no signifi-
cant influence on the transformer design in this case. The
current densities and electrical losses are very small be-
cause of the high capitalisation cost of the load loss. Be-
cause of the ratio of k; and ko, the ratio of the load
and no-load losses are close to 1 : 1. The diameter of
the transformer’s core is very large because of the high
capitalisation cost of the no-load loss. This large core di-
ameter determines a high turn voltage, which indicates a
low core mass/copper mass ratio in the active part. The
large core radius leads to an increased buckling stress in
the inner winding and resulting in the optimal solution
being inappropriate.

5 CONCLUSION

The key parameters of transformer design are deter-
mined by the overall cost, which contains the cost of the
materials, the labour and the capitalisation costs. This
minimisation is a non-linear problem and several optimi-
sation methods were introduced to solve this problem.
However, most of the previous studies did not take the
cost of the insulation oil and the outer cooling equipment
(e.g. radiators and ) into account, they consider only the
major cost components and constraints of the active part.
In the case of the core-form power transformers none of
these solutions consider the cost of the insulation and the
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cooling equipment. This paper has shown a solution for
this problem, with the extension of an efficient geometric
programming based, meta-heuristic algorithm. With this
algorithm, the effect of the insulation oil cost is exam-
ined in the optimal design. The paper shows if the cost
of the capitalisation losses are high, the consideration of
the cooling has no significant effect on the optimal set
of variables. However, in the other case, when the load
loss is relatively high, there are significant differences in
the optimal design variables. The results show that if the
insulating oil is considered, the optimal value of the turn
voltage is increased, therefore the ratio of the core and
the copper is decreased. Moreover, the consideration of
cooling results in a slimmer design, which is favoured by
designers because of the higher thermal head and the bet-
ter short circuit withstand properties. However, the dif-
ference between the total owning costs are not significant.
The proposed method can be readily used in practice for
design of ONAN/ONAF transformers.
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