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ABSTRACT: The total owning cost of a wound core 
distribution transformer can be reduced by constructing the 
wound core with a combination of conventional and high 
permeability grain-oriented magnetic steel. The proposed 
technique can be applied after the transformer’s design 
optimisation or it can be integrated in the design optimisation 
procedure. In both cases a significant reduction of the total 
owning cost is achieved. 
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I. INTRODUCTION 
 
The design optimisation of a wound core distribution 

transformer consists in minimising the transformer’s total 
owning cost ( TOC ), where TOC  is defined as the 
transformer’s first cost plus the calculated present value 
(PV) of its future losses [1]. The transformer manufacturer 
must minimise TOC  while satisfying transformer ratings, 
design constraints, and technical specifications imposed by 
international standards, utilities, and users [2], [3]. 

Based on experimental evidence concerning the non-
uniformity of the wound core’s flux density distribution 
[4], [5] the transformer’s TOC  can be reduced effectively 
by using wound cores constructed with a combination of 
different grades of grain-oriented magnetic steel. 

The multiple grade lamination wound core technique 
introduces only two design variables, it can be applied after 
the transformer’s design optimisation, or it can be 
integrated directly in the design optimisation scheme, 
resulting in this way in the generalisation of the 
transformer optimisation procedure. If applied after the 
transformer design optimisation a significant reduction of 
the sum of magnetic steel cost and PV of future no load 
loss is achieved. This is very important considering that the 
PV of future no load loss constitutes more than 60% of the 
PV of total future loss, and of the various materials 
required to manufacture a wound core transformer the 

magnetic steel comprises the largest investment [1]. In the 
case where the multiple grade lamination technique is 
integrated in the design optimisation scheme the resultant 
optimum transformer design tends to possess a reduced 
TOC  in comparison with optimum designs of conventional 
wound core transformers. 

In order to evaluate the optimum design variables of a 
multiple grade lamination wound core, the accurate 
computation of the peak flux density distribution and no 
load loss is needed. Furthermore, an optimisation problem 
such as this presents multiple optima in the feasible 
domain. We have addressed these two problems by 
combining anisotropy finite element (FEM) models of very 
low computational cost, with three stochastic optimisation 
algorithms. From the considered optimisation algorithms, 
an improvement of the simulated annealing (SA) for 
continuous problems, the simulated annealing with restarts 
(SAR) [6], is proven to be the most effective in the solution 
of the optimisation problem under consideration. 

 
II. DESCRIPTION OF THE PROPOSED TECHNIQUE 
 
The multiple grade lamination wound core technique is 

based on experimental evidence concerning the flux 
density distribution non-uniformity of strip wound cores. 
According to [4] and [5] the peak flux density is low in the 
core’s inner steel sheets, then it increases to a value higher 
than the core mean flux density, and finally it decreases 
until the outer sheets. Fig. 1 depicts experimental curves of 
the peak flux density distribution, across the limb of a 
wound core consisting of 90 steel sheets, for different 
levels of magnetisation [5]. The flux density distribution 
non-uniformity is attributed to a number of factors like the 
wound core’s step-lap joints, the difference in magnetic 
path length, harmful stresses induced in the inner steel 
sheets during core formation, and flux leakage. No load 
loss is a function of the peak flux density and as a result the 
specific core loss of the inner and outer part of the wound 
core is reduced in comparison with the rest part of the core. 

 

 
Fig. 1. Peak flux density distribution across the limb of a strip wound 
core. 

 



High permeability grain-oriented steel presents improved 
magnetisation and specific core loss characteristics in 
comparison with the conventional grain-oriented steel as 
illustrated in Figs. 2 and 3. On the other hand the cost unit 
of high permeability steel is higher than that of 
conventional grain-oriented steel. Thus, by using 
conventional grain-oriented steel for the inner and outer 
part of the wound core and high permeability grain-
oriented steel for the rest part of the core, the transformer 
manufacturer may achieve an optimum trade-off between 
first cost and PV of future no load losses. 

 A multiple grade lamination wound core is shown in 
Fig. 4 where 3x , 4x , 5x , 6x  are the wound core’s 
geometric parameters and 1x , 2x  are the variables of the 
multiple grade lamination wound core technique. 

 

 
Fig. 2. Normal magnetisation curves of conventional, M4 0.27 mm, and 
high permeability, M-OH 0.27 mm, grain-oriented steels. 

 

 
Fig. 3. Specific core loss curves of conventional, M4 0.27 mm, and high 
permeability, M-OH 0.27 mm, grain-oriented steels. 

 

 
Fig. 4. Representation of the multiple grade lamination wound core 
geometry and variables. 

III. NO LOAD LOSS EVALUATION OF MULTIPLE 
GRADE LAMINATION WOUND CORES 

 
Accurate wound core no load loss evaluation presents 

difficulties and analytical relationships usually do not 
suffice [4], [7]. A satisfactory estimation can be achieved 
however, by using field analysis numerical techniques in 
conjunction with the detailed modelling of the core 
material. The methodology applied in the present paper is 
to combine the experimentally evaluated local specific core 
losses with the computed peak flux density distribution of 
the wound core. The local specific core losses are 
expressed as a function of peak flux density and the 
computation of the wound core’s peak flux density 
distribution is performed using the finite element method. 
The accurate representation of the wound core with a low 
computational cost is achieved by considering the iron-
laminated material as homogeneous media and by 
developing an elliptic anisotropy model specifically 
formulated for wound cores [8], [9]. The wound core’s 
material modelling with the aforementioned technique 
makes practical not only the two dimensional (2D) FEM 
analysis but also the three dimensional (3D) FEM analysis 
and it can be applied both to conventional and multiple 
grade lamination wound cores. 

A. 2D FEM analysis and formulation 
In 2D FEM analysis the Poisson’s equation is solved 

which is a function of the z -th component of the magnetic 
vector potential zA , the reluctivity tensor v , and the z -th 
component of the current density zJ . 

 
zz JA −=∇⋅∇ v                           (1) 

 
The representation of the nonlinear characteristics of the 

core material is achieved by cubic splines interpolation of 
the reluctivity characteristic and a Newton-Raphson 
iterative procedure is used for the solution of the particular 
nonlinear problem. 

The elliptic anisotropy model for the 2D FEM analysis is 
based on the assumption that the flux density B  has an 
elliptic trajectory for the modulus of magnetic field 
intensity constant. Therefore, if pv  is the reluctivity 
tangential to the lamination rolling direction, qv  is the 
reluctivity normal to the lamination rolling direction, and r  
is the ratio of the ellipse semi-axes then 

 
.1, >= rrvv pq                               (2) 

B. 3D FEM analysis and formulation 
The 3D FEM analysis is based on a modified magnetic 

scalar potential formulation necessitating no prior source 
field calculation [9]. According to this formulation the 
magnetic field intensity H  is partitioned as follows 

 
Φ∇−= KH                                 (3) 

 
where Φ  is a scalar potential extended all over the solution 
domain and K  is a fictitious field distribution. The 
distribution of K  is easily determined analytically or 
numerically by the conductors shape with little 



computational effort. The problem’s solution is obtained by 
discretising (4) that ensures the total’s field solenoidality 

 
 ( )( ) 0=∇−⋅⋅∇ ΦKμ                         (4) 

 
where μ  is the magnetic permeability tensor which is a 
function of the magnetic field intensity modulus H . The 
advantages of the latter formulation are its simplicity and 
computational efficiency in contrast with conventional 
magnetic scalar potential formulations. 

The nonlinearity of the grain-oriented magnetic steel is 
taken into account by cubic splines approximation of the 
( )Hμ  characteristic and a Newton-Raphson scheme is 

adopted for the solution of the nonlinear problem.  
In the case of the 3D FEM analysis the elliptic 

anisotropy model is based on the assumption that the field 
intensity H  has an elliptic trajectory for the modulus of 
flux density constant. Thus, if pμ , qμ  are the magnetic 
permeability tangential and normal to the lamination 
rolling direction, and r  is the ratio of the ellipse semi-axes 
then 

 
.10, <<= rr pq μμ                        (5) 

 
The postprocessor program for the no load loss 

computation has been developed separately from the 2D 
and 3D FEM calculation. Once the peak flux density 
distribution is obtained it is combined with the 
experimentally determined local specific core losses [8], 
[9]. In this way the loss in each element can be calculated. 
The overall no load loss is obtained by summing up the 
losses in individual elements. 

 
IV. INTEGRATING THE NEW TECHNIQUE TO THE 

TRANSFORMER OPTIMISATION PROCEDURE 
 
A practical method of transformer selection and 

specification based on economic reality and fair both to 
transformer manufacturers and utilities is to make the 
purchase decision on the basis of calculated TOC  [1]. 
TOC  is defined as the fist cost plus the calculated PV of 
future losses and is given by 

 
LLfactorNLLfactor PBPABPTOC ++=                  (6) 

 
where BP  is the first cost (bidding price) ($), factorA  is the 
PV of 1 W of no load loss over the life of the transformer, 

NLLP  is the no load loss, factorB  is the PV of 1 W of load loss 
over the life of the transformer, and LLP  is the load loss. 

The first cost is expressed by 
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where iC , iM  is the cost unit ($/kg) and mass of the 
transformer’s i -th material, x  is the design variables 

vector, LC  is the labour cost ($), IC  is the installation cost 
($), and SM  is the sales margin. 

The equation for factorA  is given by (8) where PV  is the 
present-value multiplier for selected project life PL  and 
discount rate DR , EL  is the cost of electricity ($/Wh), and 
HPY  is hours of operation per year (8,760 h). 

 
HPYELPVAfactor ⋅⋅=                         (8) 

 
A simple method for calculating PV of future annual 

expenses is the following, where the term DR  includes all 
capital costs for the business entity i.e. interest, insurance, 
taxes etc. 
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The equation for factorB  is given by (10) where P  is the 

per unit load. 
 

2PAB factorfactor =                       (10) 
 
Electric utilities and users derive factorA , factorB  values 

from a number of utility specific-parameters. Based on 
these values, transformer manufacturers determine the 
optimum design by minimising TOC  while satisfying a 
number of constraints imposed by international standards 
and customer needs. In the following two subsections it is 
shown how the multiple grade lamination technique can be 
applied after and integrated into the transformer 
optimisation procedure. 

A. Applying multiple grade lamination technique after 
the transformer design optimisation 
This case is not only of practical importance, but it also 

allows us to study the effect of the multiple grade 
lamination wound core technique thoroughly as it is 
isolated from the design optimisation procedure. The 
wound core design variables 3x , 4x , 5x , and 6x , shown in 
Fig. 4, the mean flux density B , and the number of turns 
of the primary and secondary windings pN , sN  are 
constants predetermined by an industrial design 
optimisation scheme [3]. The variables that must be 
determined are the multiple grade lamination design 
variables 1x , 2x  which are subject to the following 
constraints. 

 
3213231 0,0,0 xxxxxxx ≤+≤≤≤≤≤         (11) 

 
In the particular case only the PV of future no load loss 

and the cost of the conventional and high permeability steel 
are taken into account. Furthermore, the labour and 
installation cost being constant may not be considered here. 
Thus the equation for TOC  described by (6), (7) is reduced 
to the following objective function 

 
( ) ( ) NLLfactorHMHMSMSM PASMMCMCf ++= /x        (12) 



where SMC , HMC  are the conventional and high 
permeability steel cost unit ($/kg) and SMM , HMM  are the 
mass of the conventional and high permeability steel. 

The evaluation of the optimum 1x , 2x  configuration  
that ensures the optimisation of the sum of magnetic steel 
cost and PV of future no load loss, is achieved by 
minimising (12). During the optimisation process, the no 
load loss is calculated with the use of the FEM anisotropy 
models described in Section III, whereas SMM , HMM  are 
calculated by (13) and (14) respectively, where msd  is the 
magnetic steel density and sfc  is the wound core empirical 
stacking factor. 
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B. Integrating multiple grade lamination technique into 
the transformer design optimisation procedure 
In this case, the multiple grade lamination technique is 

integrated in a simple design optimisation procedure, of a 
single-phase, core type wound core transformer. Even 
though there are many papers that give a complete 
treatment of the transformer optimisation problem, the 
derivation given here is sufficient to illustrate how the 
multiple grade lamination technique can be integrated in 
any wound core transformer design optimisation scheme. 

In the case examined here, expect from the magnetic 
steel cost and PV of future no load loss, the cost of the 
winding material and PV of future load loss are taken into 
consideration. The variables 3x , 4x , 5x , 6x , B , pN , and 

sN  are now to be determined. From the aforementioned it 
follows that in the particular case the expression for TOC  
(6), (7) is reduced to the following objective function 

 
( ) ( )
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         (15) 

 
where CuC  is the winding material cost unit ($/kg) and 

CuM  is the winding material mass. The labour and 
installation cost are once again omitted. 

The optimum transformer design is obtained by 
minimising (15). The no load loss is evaluated using the 
FEM models of Section III and CuM , LLP  are given by (16) 
and (17) respectively, where Cud  is the winding material 
density, ffc  is the coil fill factor, ρ  is the winding material 
resistivity, and J  is the current density [3]. 

 
( )64354 22 xxxxxcdM ffCuCu ++= π             (16) 

 
( )64354

2 22 xxxxxJcP ffLL ++= πρ            (17) 
 
The objective function of (15) is subject to five nonlinear 

constraints. Two equality constraints, (18) and (19), 
representing the primary induced voltage pE  constraint, 

and the rated power ratedS  constraint, and the three 
inequality constraints of (20), where f  is the frequency, k  
is the portion of the solid conductor area contributed by the 
primary winding, and g

LLP , g
LNLP  are the guaranteed load and 

no load loss, specified by international technical 
specifications and customer needs [1], [3].  
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Finally, the secondary winding turns are given by (21) 
where sE  is the secondary induced voltage. 

 
ppss ENEN /=                              (21) 

 
The optimisation procedure developed herein is a 

generalisation of the conventional design procedure as by 
setting 2x = 0, 1x  = 3x  the problem reduces to the design 
optimisation of a transformer constructed by the 
conventional steel and by setting 1x = 0, 2x  = 3x  the 
problem reduces to the design optimisation of a transformer 
constructed by the high permeability steel. 

C. Optimisation algorithms 
For the solution of the two optimisation problems 

presented, three stochastic optimisation algorithms have 
been tested, the genetic algorithm (GA), the simulated 
annealing SA, and the simulated annealing with restarts 
SAR. For continuous problems, e.g. optimisation of 
electromagnetic devices, SA uses a modification of the 
downhill simplex method to generate random changes. 
However, premature convergence results in the pinning of 
the simplex in a local minimum. SA then uses a large 
number of evaluations to explore a small portion of the 
design space. SAR effectively reduces the objective 
function evaluations by forcing the simplex to start from a 
random point in the space if it becomes too small [6]. 

 
V. EXPERIMENTAL VERIFICATION OF THE 2D AND 

3D FEM MODELS 
 
Fig. 5 illustrates the computed peak flux density 

distribution with the 2D FEM model, of a multiple grade 
lamination wound core for two different 1x , 2x  
configurations and for the same mean flux density of 1.5 T. 
The FEM mesh is constituted by 6,747 first order triangular 
elements and 3,483 nodes, while one half of the core 
geometry is modelled due to symmetry. The wound core is 
constructed by the conventional grain-oriented steel M4 
and the high permeability grain-oriented steel M-OH and 
its geometry parameters are 3x  = 24.3 mm, 4x  = 57 mm, 

5x  = 183 mm, 6x  = 190 mm. 
The computed peak flux density distribution across the 

core’s limb, line AB of Fig. 5, for the two aforementioned 



1x , 2x  configurations is illustrated in Fig. 6. These 
distributions show clearly that the flux density is 
considerably higher in the high permeability steel than the 
conventional steel. Also the peak flux density decreases 
almost linearly both in the standard and high magnetisation 
steel regions until the outer steel sheets. 

 

 
Fig. 5. Peak flux density distribution of a multiple grade lamination 
wound core, (a) x1 = 0 mm, x2 =10 mm (b) x1 = 5 mm, x2 =10 mm. 

 

 
Fig. 6. Peak flux density distribution along line AB for B = 1.5 T and two 
x1, x2 configurations. 

 
Table 1 presents a comparison between the calculated no 

load loss with the FEM models of Section III and the 
respective experimental values for a number of 1x ,  2x  
configurations. The wound core geometry parameters are 
the same as before and the mean flux density is 1.7 T in all 
cases. As can be seen from Table 1, the computed results 
are in good agreement with the measured ones and the error 
is less than 5% in all cases. Also the difference between the 
computed no load loss with the 2D and 3D FEM models is 
insignificant and is less than 1.1%. 

 
Table 1: Comparison between measured and computed no load loss 
x1 
(mm) 

x2 
(mm) 

No load loss (W) 
2D FEM 

No load loss (W) 
3D FEM  

No load loss (W) 
Experiment  

24.3 0 22.7 22.8 23.1 
0 24.3 18.5 18.7 19.4 
5 10 21.2 21.3 22.0 
0 10 21.7 21.7 22.2 
3 9 21.9 22.0 22.4 

 
VI. APPLICATION OF THE MULTIPLE GRADE 

LAMINATION TECHNIQUE 

A. Application after the transformer’s design 
optimisation procedure 
The multiple grade lamination technique was applied 

after the design optimisation of a 100 kVA, 20 kV / 0.4 kV 

three-phase wound core distribution transformer with a 
heuristic transformer design optimisation methodology 
which is already used by the transformer industry. The 
standard and high magnetisation materials used are M4 
0.27 mm and M-OH 0.27 mm respectively. The geometry 
parameters of the wound core under consideration are 3x  = 
51.3 mm, 4x  = 57 mm, 5x  = 183 mm, and 6x  = 190 mm, 
and the mean flux density is 1.723 T. 

We have identified a number of local minimums with 
values very close to the global minimum. Due to this fact 
the number of successes of the GA was lower than that of 
the SA and SAR algorithm, as the GA was trapped most of 
the times in local minima. The optimum distribution of the 
design parameters as calculated by the SA and SAR 
algorithms correspond to an objective function value of 
( )xf  = 677.5 $, i.e. a 3.2% reduction of the sum of 

magnetic steel cost and PV of future no load loss as it was 
pre-evaluated by the conventional industrial design 
optimisation scheme. Furthermore, the SAR algorithm 
exhibits a 20% reduction in objective function calls 
comparing to the classic SA algorithm. Fig. 7 depicts a 
detail of the computed peak flux density distribution with 
the 3D FEM model, of the multiple grade lamination 
wound core with the optimum design variables, i.e. 1x  = 
5.9 mm and 2x  = 6.7 mm. 

 

 
Fig. 7. Detail of the peak flux density vector plot of the multiple grade 
lamination wound core with optimum design variables x1, x2. 

B. Application of the new technique to a single-phase 
wound core distribution transformer 
The transformer studied, is a 50 kVA, 20 kV / 231 V 

single-phase, core type wound core transformer with 
guaranteed no load and load loss, 130 W and 560 W 
respectively. We have used the design optimisation method 
of Section IV.B in order to determine the optimum design 
of the transformer in three cases. In the first case the wound 
core is constructed using the conventional grain-oriented 
steel M4 0.27 mm, in the second case the wound core is 
constructed using the high permeability grain-oriented steel 
M-OH 0.27 mm, and in the last case the wound core is 
constructed with a combination of the two aforementioned 
magnetic steels. In the two first cases the multiple grade 
lamination wound core variables were constrained 
appropriately by setting 2x = 0, 1x  = 3x  (M4) and 1x = 0, 

2x  = 3x  (M-OH). 
Table 2 summarises the optimum configurations and the 

number of objective function evaluations for the three 



cases, obtained from the minimisation of (15) by the SAR 
algorithm, i.e. the most effective of the three stochastic 
optimisation algorithms tested, while satisfying the 
constraints (18), (19), and (20). The parameters used for the 
optimisation analysis are shown in Table 2. The factorA  used 
is equal to 8 $/W and it corresponds to a 20 years project 
life and a 10.429% discount rate. Furthermore, a 0.5 pu 
load is used, according to NEMA recommendations for 
medium-voltage transformers, which leads to a factorB  of 2 
$/W [1].  

Table 2 shows that the application of the multiple grade 
lamination technique results in a reduction, gΔ  = 2.43% 
and gΔ  = 1.93% respectively, of the sum of magnetic steel 
cost, winding material cost, and PV of total future losses, 
compared to the cases where the transformer is 
manufactured using only conventional (M4) and high 
permeability (M-OH) grade. As a result, by integrating the 
multiple grade lamination technique in a typical design 
optimisation procedure, the transformer designer can 
effectively control not only the magnetic steel cost and the 
no load loss, but also the winding material cost, the load 
loss, and other design and operational parameters, in 
contrast with the method given in Section IV.A. 

 
Table 2: Comparison between optimum designs of conventional and 
multiple grade laminations wound core transformers 

Quantity M4 0.27 mm M-OH 0.27 mm 
Multiple grade 

wound core 
(M4 and M-OH) 

x1 (mm) 107.6 0 4.2 
x2 (mm) 0 113.1 64.2 
x3 (mm)  107.6 113.1 110.8 
x4 (mm) 60 49.5 66 
x5 (mm) 268 300 231 
x6 (mm) 152 152 152 
Np  39 36 37 
Ns  3,377 3,117 3,203 
B (T) 1.69 1.74 1.73 
PNLL (W) 143.8 140.4 133.4 
PLL (W) 609.4 545.3 598.4 
MSM (kg)  120.0 0 57.9 
MHM (kg) 0 133.8 59.2 
MCu (kg) 35.6 31.8 34.9 
g(x) ($) 3,706 3,687 3,616 
Δg (%) 0 0.51 2.43 
SAR evaluations 3,057 3,208 4,526 

Afactor = 8 $/W, P = 0.5 pu, Bfactor = 2 $/W, SM = 0.5 
CCu = 7.46 $, CHM = 3.73 $, CSM = 3.357 $, EL = 0.1 $/kWh 

csf = 0.965, dCu = 8,930 kg/m3, dms = 7,650 kg/m3, ρ = 1.7⋅10-8 Ω⋅m  
f = 50 Hz, J = 3⋅106 A/m2, g

LLP = 560 W, g
NLLP = 130 W 

 
VII. CONCLUSION 

 
A novel method that reduces the sum of first cost and PV 

of future losses of wound core distribution transformers is 
introduced in this paper. It consists in the evaluation of 
specific design variables of multiple grade laminations 
wound cores by minimising properly defined objective 
functions. The proposed methodology can be used after the 
design optimisation of the transformer or it can be directly 
integrated into a typical optimisation procedure. The 
minimisation of the objective function is based on a 
formulation that combines FEM anisotropy models of low 
computational cost with stochastic optimisation algorithms. 
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