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typical power transformer. Optimization methodologies and implementation
of results were also presented. The results showed the effectiveness of the
proposed mathematical formulation of transformer design problem and the
reduction of total cost when compared to conventional designs.
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1. INTRODUCTION

This paper is based on power transformer design optimization. The design optimization of transformers
is majorly determined by the minimization of the overall transformer cost and system losses cost with
considerations to constraints connected to international technical specifications as well as transformer user
needs that seek constrained minimum cost solution by optimally setting the transformer geometry parameters
with relevant electrical and magnetic quantities [1].

This difficulty in achieving the optimum balance between transformer cost and performance has become
even more complicated nowadays, as the active materials used in transformer manufacturing (copper and
aluminum for transformer windings, and iron for magnetic circuit) are variable stock exchange commodities
whose prices are modified on daily basis. Techniques that include mathematical models employing analytical
formulas, based on design constants and approximations for the calculation of the transformer parameters are
often the basis of the design procedures adopted by transformer manufacturers [2].

It is also noted that the overall transformer manufacturing cost minimization is scarcely addressed in the
technical literature. On the other hand, the main approaches dealt with the minimization of specific
transformer cost components, such as cost of magnetic material [3], [4], or that of active part cost [5]. This
paper introduces the application of a non-linear programming (NLP) an optimization technique in power
transformer design optimization problem. The beauty of the proposed techniques can be categorized as
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follows: 1). NLP technique is successfully applied to the overall cost minimization of transformer active and
mechanical part, ii). Transformer design variables such as the conductors’ cross-section and windings are
added to the optimization algorithm for an enlarged and transverse optimum transformer designs. The
proposed methods find acceptable optimum transformer design by minimizing either the overall transformer
material cost (i.e. the transformer active part cost plus mechanical part cost) or the overall transformer
materials and operating cost taking into consideration proper loss evaluation factors, while simultaneously
satisfying all the constraints imposed by international standards and transformer user needs, instead of
focusing on the optimization of only one parameter of transformer performance (e. g no-load losses or short
circuit impedance). Using the proposed technique, a graphic user interface (GUI) software package is
developed that combine’s transformer design with analysis, optimization and visualization tools, useful for
both design optimization and educational use. The technique is applied to the design of power transformers
of several ratings and loss. Categories and the results are compared with transformer design optimization
method (which is already used by transformer industry), resulting to significant cost savings.

2. MATERIAL AND METHODS
2.1. Nonlinear Program (NLP) Optimization Technique

In the transformer design optimization region, NLP techniques are very suitable and effective due to the
fact that the design variables can assume not only continuous values but also integer values (e.g., number of
winding turns). In this framework, this paper proposes an optimization algorithm adapted to a NLP
formulation, completing previous research [5]. NLP refers to mathematical programming with continuous
and discrete variables and nonlinearities in the objective function and constraints. A general NLP can be
stated as
Find x = (x4, x5,...... , Xp,) such that F(x) is a minimum
Subject to gij(x) {<=0,i=1,2, .. m{ll , 1M, .. U} <{x,x,, M, ...x, }<A{uly,ul,, M, . ., ul,}
with x > 0 being a non-negative solution.

X = X{, Xgyeeno.. , X, = independent design variables.

F(x) = nonlinear objective function i.e. cost function
gi(x) = nonlinear inequality constraint functions i.e. geometry and performance characteristics.
Il &ul = set of lower and upper limits of design variables, respectively [11].

The function f'(x) can be classified as linear, nonlinear, integer, zero one, depending on the terms of it. It
could also be linear or nonlinear. Solving with the exterior penalty function method, the augmented P(x,r) is
formulated as:

Plx, r) = F (X) + r¥iZ,lgi(x)]% r=0 (1)

Where g;(x) is defined as max [g;(x), 0] and g has a popular value of 2, although other values are
possible. By Powell’s method with an initial value of x4, and ;, minimize P (x;, ;). A new function for x, is
formulated with r,_ cry, ¢ > 1 such that

P(x, 12) = F (x) + 1, BiZo[8i ()], r=0 )

This process of minimization continues and as r3_,0, it can be proved that:
Min P(x, 1) =Min F(x)
k- o 3)

NLP [6], [7] constitute a well-known approach for solving optimization problems to optimality. The
technique uses an embedded enumeration scheme for exploring the search space in an “intelligent” way. This
is done by partitioning the search space and producing upper and lower limits of the solutions attainable in
each partition. Thus, the search performed by the algorithm can be represented as a tree that is traversed in a
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certain way. The most efficient (in terms of the number of iterations required to find the optimum and prove
its optimality) is to use a depth-first traversal. The proposed algorithm solves continuous optimization
problems, while constraining some variables into sets of standard values, which may consist of discrete or
integer values. The associated discrete programming problem is recursively divided into two sub-problems,
by fixing the discrete variables to the closest above and below standard values. The search starts by solving a
nonlinear programming (NLP) relaxation, and using the solution as the lower limit of the problem. If the
solutions of the discrete variables are all equal to the values defined at the standard discrete set, then the
optimum solution is reached and the search is stopped. Otherwise, the search branches on the first discrete
variable that has non-standard solution. The closest discrete values above and below the current solution are
identified. If both above and below values exist, the NLP with the fixed above values becomes the first sub-
problem. The first discrete variable with non-standard solution is identified. Subsequently, a new equality
constraint to fix this variable to the above value is added to the original constraints, and the NLP sub-
problem subject to the updated constraints is solved. If the NLP sub-problem converges, and yields the
superior solution over the existing lower limit, then this solution becomes the new lower limit. The
branching continues recursively to the next discrete value with non-standard solution. Otherwise, the node is
fathom. If this happens, the algorithm backtracks to the ascendant node, and then resumes branching at the
sub-problem associated with new values.In this paper, NLP technique with penalty [7], which enforces early
detection and termination of infeasible or inferior NLP solutions for solving power transformer design
optimization.
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2.2. Formulation of Design Problem

This section presents the mathematical formulation of the objective function, design variables, and
design constraints for power transformer design optimization (PTDO). This technique is integrated in Matlab
environment, using suitable graphical user interface (GUI). The proposed method is shown in the flowchart
of Fig.1. The transformer inputs (Fig. 1) involves design parameters, such as rated power, voltages, etc.,
while the 12 NLP inputs (Fig. 1) comprises of the upper/lower limits and the initial value of the design
matrix. An NLP for optimizing the transformer design is based on the minimization of the overall
transformer cost function.

2.3. Objective Function, Variables and Constraint

The objective function for the minimization of power transformer design problem is formulated with
capital cost and losses cost. Losses cost is made of no-load loss cost, load loss cost and demand charge cost
while capital cost consist cost stampings and windings.

Mathematically, the objective function for power transformer design optimization problem is set as:

min F(x) =min Y1 ¢;f; (x) 3)

Where ¢; and f; are the units cost (naira/kg) and the weight (kg) of each component (active and
mechanical part, Fig. 1), and x are the independent design variables as maximum flux density in the core
(x1), Wb/mm?, current density in the primary winding (HV),( x,) A/mm?, current density in the secondary
winding (LV),(x3) A/mm?, height of the windings (x,),m; width of the windings(xs), m; voltage per
turn(x¢),Volts; and distance between core centers(x-), m.

The minimization of the objective function is subject to the following constraints:

P, + Py — 1.10. (GP, + GPy) < 0 4)
P, — 1.15.P, < 0 (5)
Py — 1.15.P, < 0 (6)
0.90.Zy < Zs< 1.10.Z; 7
Po + Px< 8¢ (®)
TCL — (3Hy, +2CY) <0 )
D-W,—d <0 (10)
TPV(LP)*> — K< 0 (11)
P, — [Ajk1;k2; (3H,, + 2 t,)]k3; k4; < 0 (12)
I<x<ul, i=1,2,...,n (13)
x; =0,i=1,2,...,n (14)

Where P, denotes the designed no-load loss (W), Py the designed load loss (W), Z,. the designed short-
circuit impedance (%), GP, the guaranteed no-load loss (W), GP, the guaranteed load loss (W), Z; the
guaranteed short-circuit impedance (%), 0¢ is the heat dissipated (by convection) through the transformer
cooling system (W), k1; the building factor, k2; the stacking factor, k3; the specific density of iron, and
k4; the Loss/kg, while H,,,W,,, t,, D, d, A; are the geometric characteristics of the active part (Fig. 1), and
ul, and Ul are lower and upper limits of x. The coefficients appearing in (4)—(7) are based on the tolerances
specified by IEC 60076-1, while the respective coefficients in (8)—(12) are based on the transformer
manufacturer specifications.

Upon user selection, the transformer capital and losses cost can also be integrated into (3) enabling the
optimization design based on the overall cost i.e. (capital cost and losses cost).

MiNy Fprpo = miny (XNieq cix; + 0.01r.C, + C.N(P, + a®Py) + Cq(P, + Py) ) (15)
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Where C, denotes capital cost and computed as C, = Cp * ﬁ= min Y-, ¢;f; (x) in (Naira), Cpo denotes
no load loss cost rate of the transformer in (Naira/Watt), C, denotes load loss cost rate of the transformer in
(Naira/Watt), C; denotes demand charges cost in (Naira/Watt), C,denotes transformer manufacture and
purchase price in (Naira/Watt), N denotes operational hours per year, C, denotes energy charges in
(Amount/kwh), P, denotes no-Load or Iron loss in (kw), Pj denotes copper loss in (kw), P; denotes total
loss in (kw) which is the sum of (P, + P;), C; denotes demand charges in (Amount/kw.yr), a denotes

constant operation load/rated load and is 0.8 < a<1, r denotes p * q"(q™ — 1), q denotes p denotes

10041’
interest rate in percent per annum, g is the interest factor, n is the depreciation period in years, r is the

depreciation factor and is given as 13.39. The strong point of the proposed software is that the designer can
define the demand charges cost for ((P, and Py) using 1) and easy-to-use user friendly GUL

One of the crucial design variables during the transformer design optimization is the calculation of the
conductors’ cross-section. The conductors’ cross-section derived from the current density of the high voltage
(HV) and low voltage (LV) winding, which consist crucial design parameters, dependent on the transformer
rating and loss category. In the proposed method, three new approaches are proposed with the aim of
successfully defining the values of the HV and LV winding current density (in A/mm), denoted as x, and x5,
respectively. At the first approach, the transformer designer can define directly the value of the x, and x3.
The main drawback of this approach is that the transformer designer should be quite experienced in order to
correctly set this value and direct the method to the optimal solution. At the second approach, an interval
with a set of discrete and values for the LV and HV winding, respectively, can be defined. In this case, the
proposed method will calculate optimum transformer designs, and finally will keep the best optimum
transformer design among them. Although this approach is time-consuming, it assures a global optimum
design. At the third approach, the designer can increase the vector of the four design variables into six. In
particular, the correct definition of the current density value is under the rules (supervision) of the NLP
optimization method. In this way, the transformer designer defines the initial, the upper and the lower value
of the proposed method and finds an optimum transformer design, designating the values of the six variables
of the design vector.

OPTIMIZATION RESULTS OPTIMIZATION RESULTS
DESCRIPTION
Turmns/Voit | 0as Turns/Volt l 0.1
|Prlmnr\r Turmns 30 Primary Turns. " 242
|5e¢:oﬂdw1’qrns 21 Secondary Tumns " 3
| Inductance | 0.032 Inductance || 0.04
|l-mpcdarbc-a Ralio | 0.478 Impedance Ratio || 0.009
I‘lhld:ms |: 0.471 Thickness | 0.018
[M Area | 268.2 Core Area | 434.54
|W¢|gh: of Core | 600,14 Welght of Core | 151.66
|Bm Loss | 9124 Core Loss || 233.69
— -
aNL-AREA aNL-AREA
oNL-WEIGHT oNLMWEIGHT
oNL-CORE LOSS oNL-CORE LOSS
1] 7]
SIMULATED RESULT CHART SIMULATED RESULT CHART

Figure 2 Average cost difference
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Average cost difference shows the average difference between the costs of the optimum transformer
designs produced by the proposed method versus the current method employed in the manufacturing
industry, for each KV A category considered in the study.

3. RESULT AND DISCUSSION

The robustness of the proposed method is presented in comparison with that of current method [1] that is
already applied in a transformer manufacturing industry.

The proposed method minimizes the overall transformer cost (1), subject to the constraints (2)—(11) by
seeking the optimum settings of the design variables, namely, the core constructional parameters H,,,W,,, t,,
D, d, A; shown in Fig. 1 (continuous variables), the magnetic induction (continuous variable), and the
number of turns (integer variable). Two more design variables can be optionally added: x, and x;
(continuous variables).

The proposed method has been applied in a wide spectrum of actual transformers, of different voltage
ratings and loss categories. In particular, 188 optimum transformer designs were created and compared with
the current method [6].

Fig. 2 depicts the results. It should be noted that experiments were carried out using constant x, andxs,
values (1st approach for the current density determination, described in Section II-C) because the current
heuristic technique [6] could not support the other two approaches.

3.1. NLP Optimization Result
In addition to the 300MVA transformer simulation using NL optimization algorithms, the results
obtained from the use of Nonlinear Programme (NLP)) optimization on different power transformer ratings,

voltages, etc. and utilizing various core materials are shown in Table 1.

Table 1 Different Transformer Designs Using NLP Technique

Characteristics of power transformers design Ex. No. 1 Ex. No. 2 Ex. No. 3 Ex. No. 4
optimization

Rating (MVA) 150 300 650 1250
Primary Voltage (KVolt) 138 138 330 11
Secondary Voltage (KVolt) 33 36 132 0.415
Frequency 50 50 50 50
Primary/Secondary connection D/S D/S D/S D/S
Building Factor 1.1 1.15 1.2 1.2
% Z 4 4 5 6
Reference Temp 85 75 75 85
Temp. Rise 60 50 45 60
Average Ambient Temp 30 30 30 30
Core Material DKH MOH M4 M3
Core Price (®¥/kg) 9 7.5 5.5 6.5
Copper Price (&/kg) 15 14.5 16 13
No Load Loss 13 11 11 9
Evaluation price (2/W)
Load Loss 3 4 4 3
Evaluation price (/W)
Average Cost (%) 10 9.3 9.1 7.9

Table 1 shows the result of the application of the technique to different transformers of 150, 300, 650,
and 1250 MVA.

The transformer has rated primary and secondary voltages as 138/33KV, the vector group is Dynl1, the
frequency is 50Hz, the impedance is 4%, the building factor is 1.1 and the core material is DKH which
yielded and optimum design with an average cost of 10%. Similarly, the procedure was repeated for the
second, third and fourth transformers with the corresponding average cost of 9.3%, 9.1% and 7.9%
respectively.



Page |77 Omorogiuwa Eseosa and Oboma S.0

Table 2 Results of Objective Function Optimization Using NLP

Results
Optimization NL
method Ex. No. 1 Ex. No. 2 Ex. No. 3 Ex. No. 4 Average
%Z 4.158 3.916 5.195 5.859 4.782
No Load Loss (W) 269 574 1394 1506 935.8
Load Loss (W) 2080 2338 3683 9606 4427
Capital Cost 135 135 135 135 135
Demand Charge Cost 5400 5400 5400 5400 5400
Total cost (N) 14802 23238 43201 63111 36088

Finally, a comparison of the optimization results incorporating the transformer operating cost, using (13),
has been conducted, for the same case study of the 150, 300, 650, and 1250MVA transformer. Table II
shows the results of the proposed method using NLP.

It can be seen that NL programming algorithm designs are better than those obtained by conventional
method. This can be attributed to the availability of constraints in the transformer design problem.
Constraints are difficult to incorporate into the conventional program as generally it is left to the fitness
function to manage and quantify possible infeasibility. In general, conventional methods should not be
regarded as a replacement for NL programming algorithm, but as another optimization approach that
can be used.

According to the results obtained from this thesis, the following can be concluded: i.) A new formulation
of an oil-immersed power transformer has been proposed. A computer based design program was
successfully developed. The proposed design formulation takes into consideration the practical constraints in
the art of transformer design and manufacturing. 1ii). Results of the constructed transformer using the
proposed formulation were presented to illustrate and confirm the reliability and effectiveness of
proposed mathematical design formulation. iii). A nonlinear programming algorithm has been implemented
and applied to the transformer design problem. The results obtained using the NL programming algorithm
was encouraging when compared to the design made by practical experience. iv). NL programming showed
good results in most of the application cases.

In addition to the achievement of thesis objectives, it is worth mentioning that one important outcome is
effectiveness and success rather than suitability of using of optimization techniques (Nonlinear) in the field
of transformer design. Using such techniques in transformer area, with no doubt, is of a high value added
from the point of view of saving money, effort and time.

4. CONCLUSION

The proposed method is very effective because of its robustness, its high execution speed and its ability to
effectively search the large solution space. Positive and encouraging results have been achieved using the NL
programming optimization techniques. The validity of this method is illustrated by its application to a wide
spectrum of actual transformers, of different power ratings and losses, resulting to optimum designs with an
average cost saving of 9.1%.

Future work with optimization technique using advanced step in the field of power transformer optimization
is recommended. Such a new algorithm may starts with execution of GA subprogram which does not
require any initial values for the designed variables and then feed the GA optimized values as initial values
to the NL program.

In addition, a mathematical formulation of power transformers design problem could lead to more
economical designs when optimized through Artificial Intelligence (Al) and NL techniques.

5. REFERENCES

[1] Jabr, R. 2005. Application of Geometric Programming to Transformer Design,” IEEE Trans. Magnetics.
41(11): 4261-4269.

[2] Wu C.J. and Lee F. C. 1980. Minimum weight EI core and pot core inductor and transformer designs,”
IEEE Trans. Magn. 16(5): 755-757.

[3] Kefalas T. D., Georgilakis P. S., Kladas, A. G., Souflaris, A. T. and Paparigas D. G. 2008. Multiple
grade lamination wound core: A novel technique for transformer iron loss minimization using simulated
annealing with restarts and an anisotropy model. IEEE Trans. Magn. 44(6): 1082—1085.



Page |78 Applied Research Journal Vol.1, Issue, 2, pp.71-79, April, 2015

[4] Amoiralis, E. I. Tsili, M. A., Georgilakis, P. S., Kladas, A. G. and Souflaris, A. T. 2008. A parallel
mixed integer programming-finite element method technique for global design optimization of power
transformers,” IEEE Trans. Magn. 44(6): 1022—-1025.

[5] Castillo, E. Conejo, A. J., Pedregal, P., Garcia, R. and Alguacil, N. 2002. Building and Solving
Mathematical Programming Models in Engineering and Science. Hoboken, NJ: Wiley.

[6] Georgilakis, P. S., Tsili, M. A., Souflaris, A. T. 2007. A heuristic solution to the transformer
manufacturing cost optimization problem. J. Mater. Processing Technol. 181(1-3): 260-266.

[7] Leyffer, S. 2001. Integrating SQP and branch-and-bound for mixed integer nonlinear programming,”
Comput. Optim. Applicat. 18(3): 295-309.

[8] Tsili, M. A., Kladas, A. G., Georgilakis, P. S., Souflaris, A. T., Paparigas, D. G. 2006. Advanced design
methodology for single and dual voltage wound core power transformers based on a particular finite
element model. Elec. Power Syst. Res. 76: 729-741.

[9] Tsili, M. A., Amoiralis, E. 1., Kladas, A. G., Souflaris, A. T. 2009. Hybrid numerical-analytical
technique for power transformer thermal modeling. IEEE Trans. Magn. 459(3): 1408-1411.

[10] Loss Evaluation Guide for Power Transformers and Reactors, ANSI/IEEE Standard C57.120, 1992.

[11] Mittle, V. N. 2006. Design of Electrical Machines. Standard Publishers Distributors, New Delhi. pp: 82,
576.

[12] Merritt, S. Y. and Chaitkin, S. D. 2003. No load versus load loss. IEEE Ind. Applicat. Mag. 9(6): 21—
28.

[13] Tutkun, N. and Moses, A. 2004. Design optimization of a typical strip-wound toroidal core using
genetic algorithms. J. Magnet Magnetization Material. 277(1-2): 216-220.

[14] Geromel, Luiz H. & Souza, Carlos R. 2002. The application of Intelligent Systems in Power
Transformer Design78, IEEE Proceeding on Electrical & Computer Engineering. Canadian Conference,
pp. 285 —290.

[15] Boccaletti, C. Callea, V., Elia, S., Sabene, M., Sordi, P. 2002. Parametric Analysis and Economic
Considerations on the Design of Large Power Transformers78, Proceedings of IASTED International
Conference on Applied Simulation and Modeling (ASM 2002). Crete, Greece. pp: 25-28.

[16] Hui, Li, Han., Li, He, Bei., Shunchang, Y. 2000. Application Research Based on Improved Genetic
Algorithm for Optimum Design of Power Transformers78. IEEE Transactions on Power Systems. 3(2):
105-109.

[17] Heathcote, M.J., The J & P Transformer Book78 — Twelfth edition 1998 — Published by Newnes.

[18] Vecchio, D, and et al. 2010. Transformer Design Principles with applications to core-form power
transformers. CRC Press. 9: 48.

[19] Walters David, C. and Sheble, Gerald, B. 1992. Genetic algorithm solution of economic dispatch with
valve point loading”, 92SM 414-3. [IEEE/PES summer meeting.

[20] Chen, H., Canizares, C.A., and Singh, A., 2001. ANN-Based Short Term Load Forecasting in Electricity
Markets. Proceedings of the IEEE Power Engineering Society Transmission and Distribution
Conference.

[21] Roizman, O. and Davydov, V. 1999. Neuro-Fuzzy Computing for Large Power Transformers
Monitoring and Diagnostics”, Fuzzy Information Processing Society, NAFIPS. 18th International
Conference of the North American. 1: 248 -252.

[22] Poloujadoft , M., Findlay, R.D. 1986. A procedure for illustrating the effect of Variation of Parameters
on Optimal Transformer Design78. IEEE Transactions on Power Systems. 1(4): 202-206.

[23] Anderson, O.W. 1991. Optimized Design of Electric Power Equipment78, IEEE Computer Applications
in Power. 4(1): 11-15.

[24] Grady W.M. et. Al. 1992. PC-Based Computer Program for Teaching the Design and analysis of Dry-
Type Transformers78. I EEE Transactions on Power Systems. 7(2): 709-717.

[24] Rubaai, A. 1994. Computer Aided Instruction of Power Transformer Design in the Undergraduate
Power Engineering Class78. IEEE Transaction on Power Systems. 9(3): 1174-1181.

[25] Arbib, Michael A. (Ed.). 1995. The Handbook of Brain Theory and Neural Networks’

[26] TeNyenhuis, Ed, G., Ramis, S. Girgis, and Gunther, F. 2001. Other Factors Contributing to the
Core Loss Performance of Power and Distribution Transformers. IEEE Trns. On Power Delivery.
16(4).

[27] Palmer, S. and Sharpley, W.A. 1969. Electric Strength of Transformer Insulation. Proc. IEE. 116: 1965-
1973.

[28] De Leon, F. 1992. Efficient calculation of elementary parameters of transformers. IEEE Trans. on
Power Delivery. 7(1): 376-383.


http://www.google.com.ng/search?tbo=p&tbm=bks&q=inauthor:%22Robert+M.+Del+Vecchio%22

Page |79 Omorogiuwa Eseosa and Oboma S.0

[29] Wilcox, J., Hurley, W.G., Conlon, M. 1989. Calculation of self and mutual impedances between section
of transformer windings. IEE Proceeding. 136: 308-314.

[30] Sawhney, A.K. 2001. A Course in Electrical Machine Design. Dhanpat Rai & Co. (P) Ltd. pp: 375-380.

[31] Bharat Heavy Electricals Limited (BHEL), Transformers. 2008. 2nd edition, Tata McGraw-Hill
Publishing Company Limited.

[32] www.keyspanenergy.com ‘Optimization Techniques’

[33] Lopez-Fernandez, X. M., Bulent Ertan, H., Turowski, J. 2013.Transformers Analysis, Design, and
Measurement, CRC Press. Taylor & Francis Group, Boca Raton.

[34] Omer Mahmood, B., Ali, A,. 2010. ractical Transformer Design, Lambert Academic Publishing.



http://www.keyspanenergy.com/

