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Abstract

This paper highlights the transformer design optation using genetic algorithm (GA) and simulatedealing (SA).
Any optimization problem, a given objective funtti® to be minimized keeping in view the constrai@isilarly, transformer
design optimization problem involves minimizing tibtal mass (or cost) of the core and wire matebialsatisfying constraints
imposed by international standards and transformeer specification. The constraints include appiafgr limits on efficiency,
voltage regulation, temperature rise, no-load cmtreand winding fill factor. The design optimizatiossek a constrained
minimum mass (or cost) solution by optimally sgttime transformer geometry parameters and requiagmetic properties. This
paper solves the said design problem by using geakgorithm (GA) and simulated annealing (SA) t@gaes. The results of
geometric programming (GP) technique have been aoedpwith the results obtained by applying GA andt&hniques. It is
quite evident from the results that the dimensasmsvell as mass of copper and core have been redncemmparison to GP
using same set of constraints. Therefore, the pppesents improved design of power transformer bgahwo techniques. The
results of GA and SA have been obtained using matiion tool box MATLAB Release 9.1 which have menbapplied for
power transformer design so far. First it provideficient and reliable solution for the design iagtation problem with
several variables. Second, it guaranteed that theaioned solution is global optimum. Hence paper olestrates a better and
efficient solution to high frequency power tramsfer design.
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1. Introduction

In today era of competition optimal design playsiamportant role. Engineering optimization helps in
achieving optimal performance, cost competitiverasd optimal efficiency of any equipment/apparatasthe
problem of power transformer optimization mass ofecand copper are the main materials for any foamer
manufacturing have been optimized using GA and BweSdimensions of transformer core and winding are
complex system and in conventional optimizatiorhtégue such a problem formulation involves largenbar of
variables making transformer design optimizatiomptex. The objective of transformer design optirtima (TDO)
is to optimize mass of core and mass of copperestlip constraints imposed by international stashslaand
transformer user specification.

The transformer design is worked out using variousthods based on accumulated experience.
Transformer design methods vary among transfornaeruiacturers. While designing a transformer, munpleasis
should be placed on lowering its cost by savingemmals. The design should be satisfactory with eespo
dielectric strength and mechanical endurance, aindimgs must withstand dynamic and thermal stregsdbke
event of short-circuit. In order to meet the abosguirements, the transformer designer should indiéa with the
prices of basic materials used in the transformer

This paper presents a transformer design methogddaged on an artificial intelligence techniquecése
of a power transformer design, a design enginegrtd@onsider several aspects of the transform&gdesuch as
core shape, size, properties, copper wire sizarglcarrives at an optimum design. Improper desgunlts in under
utilization of materials. The study of designingyes transformers using a computer was pioneereld oj2] and
[3]. Later, [4] suggested a method for obtainingogtimized design of power transformers. Howeveocpdure
was not general and cannot be used convenientlyalfopower transformer design problems. Severakroth
techniques were also used for design of power foamer [5]-[11]. In [12], attention was focused anclass of
single-phase transformers that are employed whaghavoltage withstand test is required for venfyithe quality
of the dielectric insulation of a given component.

2. Minimum mass Design of A High-Frequency Transfor mer
2.1 Nomenclature

Ep rated primary voltage (V, rms sine wavE); rated secondary voltage (V, rms sine wafe)rated

apparent power rating (VAPf rated power factorT, ambient temperatureOC); 7, maximum allowed
efficiency;
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VR, maximum allowed voltage regulatidq; ~ maximum allowed ratio of no-load to full loadrrent.A,

physical cross-sectional area of the center Iag:ténf) ; A, effective cross-sectional area of the certgr =

k; A (nf).(k, 00.95is the core stacking factolylLT mean length of a turrdc + 2t + 72k, (m); W,

window area#, h, (nf) ;
V, volume of core=A, (2h, + 2k, + 4c)(n?);V,, volume of winding =MLT W, (n?) ; o,
mass density of core materiklr; core stacking factol, material parameted ,d  current density,

thickness of foil or layed? , P, R, no load loss, core loss, copper Id8s;l .0, max flux density,

magnetizing current, electrical Resistivity of wiing.
2.3. Mathematical model

1) Objective FunctionThe objective of the design is to minimize the totass of copper and core material. The
objective function is

rnc_i_rn:u:pckf\{:-l_pCul%uV\A (1)
Where O, is the mass density of copper in kd/nNote that (1) can be easily changed to a casttion by

weighting m and m, using appropriate monetary values per kilogram [5]

2) Induced Voltage ConstrainEor a sinusoidal waveform, the rms value of tltriged voltage in the primary
winding is given by [14]

E, =27fN,BA, =27tk N, fBA ?)
Where Np is the number of turns on the primary. The nundfd¢urns on the secondary is given by
N, =(E,/ E) N, @3)
3) Copper Fill Factor ConstraintsThe optimum transformer design criterion dictatest the power loss on the

primary side is equal to that on the secondary §id3, [14]. Mathematically, the optimum criteriocan be
expressed as

Abu,s/'abu p: Np/ Ns (4)

Where Abu,s and Abu, p are the secondary and primary conductor areagectigely. There are two implications

from (4). First, the primary and secondary condigcemjually share the window area. Second, botiptineary and
secondary conductors carry the same current ded{gifyn rms sine wave) [17]. The copper fill factonstraint is
therefore

CNG AL NAG . 2NGA 2N
W, W, WJ

Kew (5)

Where | p = E_ is the rated primary current in amperes (rms giaee). Moreover, additional constraints should

p
account for the layer thickness correspondindgp¢onumber of layers per secondary section .By asgutinat the
same layer thickness is used for the primary asdrsdary windings, it follows from (4) that

N,/ Ny =N,/ N, (6)
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Where Nlp and N, are, respectively, the number of turns per layethin primary and secondary windings. To

ensure that the transformer windings fit into tleasformer window, the following additional requiremt has to be
met [14]:

i Aus (N1 (NG)
" FRh,/N,  Fh/N,

()

4) Temperature Rise Constraint$he thermal resistance formula is necessary inm@tiransformer design since
it links the thermal performance to core and wigdivss [15]. In a dry-type transformer with natuaal circulation,
the dominant heat-transfer mechanism is by conme¢fi5], [18]. The equivalent thermal resistanc€iV is [6]

_ 1 2
R5’_1.42/3\4 AT ®)

Where A = ka«/ZCthN Qv(mz) is the transformer surface area. Hurbwl.[18] suggest a choice of ka =40. Both

the core lossP. and copper los$%.,, contribute to raising the transformer temperatilitee core loss is given by (5)
whereas the copper loss, under the optimum desiggmian embodied in (5), can be computed from

— NPMLT 2 2
I:3:u - 2Fr10w— I p Frpw(ZN pAcu p)MLT‘]
u, p
= Frlow(kCuWa) MLT. ‘]2 = I:rpw Kiu\év j 9)

The temperature rise constraint is therefore

1 +2
RAE*‘%J=14ZA4HXT°(E+'%)SAT (10)

5) Efficiency ConstraintThe transformer efficiency is required to be gretitan a prespecified valug,,

P
0o > 11
PReR, " ()

Where P, =S.p is the output power in watts. Equation (11) camdzeranged into

12
1-p ¢ 17 (12)

u— "o

6) No-Load Current Constrain®roper design requires limiting the transformeideead current to a small fraction
of the full load current. The no-load exciting amt (A, rms equivalent sine wave) can be found ftbencore loss
componentd, and the magnetizing componept |

1, =12+12) (13)

The core loss component is [2]

|, =— (14)

The magnetizing component is given by Ampere’s law
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_B2h,+2h,+4c

el e R
Ko 2N,

(15)

Where 1/ = [/ 4, the permeability, and B is subject to the redoittB < B, . The limit on the no-load current
can be therefore expressed as

2 2 2 2
Io+1 <kl (16)
7) Voltage regulation ConstraintBoth the transformer resistance and leakage rezxt@montribute to the

transformer voltage drop. The resistive voltagepdreferred to the primary side (under the optimuesigh
criterion) can be computed from

V., =2Fp NpMLT pf = 2F p N MLT.J. pf (17)
R r~w Ab p rPw'Np J.
u, p

The reactive voltage drop referred to the primadg $s given by

Vy =2ty rf (18)

Where rf =./1- pf 2 is the reactive factor ant, is the leakage inductance referred to the prirsaty. A
general expression for the leakage inductancespfibwinding arrangement is [14]
H4,N2MLT.h,

3h, p*

In (19), p is the number of interfaces between wigdections. For a split winding with more thare dnterface, p
should be an even integer [17], [14]. It is giventWice the number of sections of the secondarydinig

L O (19)

2 N,
=— (20)
m N,
The voltage regulation constraint, for lagging poveetor, can be approximated as [16]
V,+V
% <VR, (21)

p

2.4. Genetic Algorithm Format
The primary problem variables are chosercak hN bN Np, N, N, B <, in addition to the upper variable limits

P,R., 1,,VaVy , and h. All these variables are by definition positive. tdldhat this is not the minimum

variable set to completely define the problem. Aniegjent formulation in terms df t, m bN B, and h could

have been used, though the constraint equationklvawve appeared in a much more complex form
1) GA Objective FunctionThe objective of the design is to minimize the ltotess of copper and core material.
The objective function is

mc+mceu =p_ K¢V, +p_ KeuVeu

AkfchthN + 8kf10cc’2 t+ 4kfpc CtQ/
+4kCupCquwhw+ 2 kCuO Cutbwhw+ T kcp CuCE)wh (22)
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where mc ,mcu are mass of core and mass of copgeectively.

subject to the following constraint :-

Induced Voltage GA constraint

(23)
Copper Fill Factor GA Constraint (24)
Temperature Rise GA Constraint (25)
Efficiency GA Constraint (26)
No-Load Current GA Constraint (27)
Voltage Regulation GA Constraint (28)

3. Implementation of Genetic Algorithm Techniquefor OPTD

The input to the program includes detail like aligte between core centre(c), thickness of corevidth
of window (bw), height of window (hw), connectidnequency etc besides the specification valuestdtrandom
values are assigned to the four independent vaodshe initial total mass of core and copper Isutated. The
objective function i.e. mass of core and mass ppeo has been written in MATLAB and it is optimizieg Genetic
Algorithm Tool (gatool) and Simulated Annealing @lighm (simulannealbnd), by formulating the conistis in
terms of design variable i.e. c¢,t,bw,hw and usitagdards limits on its dimensions.

4. Resaultsand Discussion

High frequency design example [19]. The GA techaiguas used to design a transformer operating at 100
kHz. The design inputs are as follows:-

S =1200 VA

Ep =300 V; Es = 75 V,(rms sine wave voltages)
Frequency f = 100 kHZ

Maximum temperature: Ta = 4CAT = 60°C

In addition , the following design constraints wargosed:
Rated power factor pf = 0.80(lagging)

Maximum efficiencyam = 0.97

Maximum voltage regulation VRm = 0.03

Maximum no-Load / full load current¢g= 0.02

Table 1. Transformer Design at 100kHZ

Design Min Mass design Min Mass design Min Mass design Min Mass design
Variable by GP by GA ('pass) by GA (2*%pass) by SA
c(cm) 0.49 0.49 0.49 0.49
t(cm) 2.21 2.20 211 2.10
bw(cm) 0.68 0.68 0.68 0.68
hw(cm) 2.44 2.44 2.44 2.44
Np 40 40 40 40
Ns 10 10 10 10
Nlp 4 4 4 4
NlIs 1 1 1 1
P 10 10 10 10
Acup(mm?) 1.30 1.30 1.30 1.30
Acus(mm?) 5.21 5.21 5.21 5.21
mc+mcu(Q) 157.74 157.394 153.4325 151.8620
n% 99.56 99.56 99.56 99.56
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Figure 1. Variation of mass of copper and core vtghation by GA phase 1

Figure 2. Variation of mass of copper and core vtghation by GA phase 2
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Figure 3. Variation of mass of copper and core vt@hation by SA
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5. Conclusions

Geometric Programming involves monomial and posyiabfunctions to solve the objective function.dt i
complex and time taking to solve the transformesigie problem by GP so atrtificial intelligence tefue i.e. GA
and SA are used to solve transformer design opditioiz problem. SA and GA are the most flexible téghes
available for solving hard combinatorial transforrdesign problems. The main advantage of GA ana®4hat it
can be applied to large problems regardless o€dnglitions of differentiability, continuity, and eeexity that are
normally required in conventional optimization madk. In this work Genetic Algorithm (GA) and Simigid
Annealing (SA) algorithm has been used for theropin design of transformer. The result obtained Byh@s been
compared with GA and SA. It has been shown grafifliead analytically that GA, SA are capable ofdimg a
design which is superior to GP.The GA,SA has besd tio find minimum mass of core and copper by gimgnthe
core’s dimensions and its constraints. The optinmusss of core has been given by SA. Thus GA,SA bdssidin
optimization is simple, robust and reliable for idasoptimization of transformer. Thus GA, SA hasbaised a
viable tool for obtaining optimal design of transfeer.
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