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The paper presents the new strategy of the optimization of pulse transformer (PT). In
order to reduce calculation time the optimization problem has been decomposed into two
stages. In the first stage, to determine functional parameters of PT the circuit model is used.
The goal of circuit calculations is to limit the space of design variables that meets
formulated requirements. The genetic algorithm has been applied for this task. In order to
include constraints, the penalty function has been engaged. The transformer dimensions
obtained in the first stage of calculations are used as initial values in the second stage of
design process. In the second stage the ficld model of PT is employed. Obtained results
prove that presented approach allows for fast optimization of the PT design.
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1. Introduction

The structure of the pulse transformer can be initially defined by the postulated
power and input/output voltage and current. The several pre-selection methods for
estimating the main dimensions of the magnetic circuit as well as the mechanical
construction and electrical parameters of the windings have been presented in
[1,7, 11]. After this provisional pre-selection of main parameter the remaining parameters
ofthe PT can be calculated on the basis of chosen PT model. In general there are two
approaches that can be applied to determine the functional parameters of the
considered PT: (a) approach based on the lumped parameters circuit model and
(b) approach directly based on the PDE ficld model. In the first one, the lumped
parameters as the inductance, capacitance and resistance in the equations of the
model can be determined analytically [3, 7] or on the basis measurements over
frequency domain [4, 9]. However on the design level the measured data are not
available and the analytical relations are mostly not sufficiently accurate or to
complex in case of taking into account nonlincarity or hysteresis phenomena.
Therefore the numerical methods based on the analysis of the electromagnetic field
distribution in the transformer have become more popular [2, 8, 10]. Nevertheless,
in the optimization process due to time-consuming calculations of the field model
equations, it is convenient to carry them out prior to design.

During design process of the pulse transformer, due to the time complexity of
determining the functional parameters by using field model, it is advisable to
perform calculations using less accurate circuit model of phenomena. The values of
the design variables estimated in such way meets the formulated requirements of
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the considered pulse transformer. In the fine design process those data are used as
initial values for the synthesis of the PT structure using field approach. The
proposed design strategy of the PT based on the two-step optimization significantly
reduces the computation time.

The first stage optimization can be repeated several times with the different
initial structures of the PT. It can lead to a set of PT designs that meet the
requirements. In order to assess the obtained designs and select the best solution is
several criteria can be included for example, transformer weight, efficiency, cost of
production and operating costs. To resolve the problem of choosing the optimal
solution the methods of searching of the extreme of multi variable nonlinear
objective function in respect to nonlinear constrain functions are applied.

2. Formulation of optimization problem of transformer
magnetic circuit

In the optimization process it is convenient to use normalized design
variables [12], which should be dimensionless and have comparable values. In
order to normalize the variables introduced the dimensionless quantities x;
according to the relationship

S. —S.
X; =4 (1)
Sig = Sia
where s;; and s, are the lower and upper limits of each design variable s,
respectively. If s, s, € (s, z,,) then x¢(0.1).

The object was described by three design variables: diameter of the central
column of the core s; = dk, and height s,=#, and width s; = b, of the transformer
window. The last two values must provide sufficient space to place the windings
and required insulation. The minimal cross-section area of transformer window,
that gives the minimal mass of the core, is equal to the cross-section arca of
insulation and copper occupied by the windings for given filing factor. On the basis
of assumed current density in the wires and required turns ratio the turns number of
primary and secondary windings are calculated.

After many testing calculations authors have proposed a compromise
multiplicative objective function in the form:

Flx)= {’”c(")r {AP (")T @)

m AP,
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where m, 1s mass of active materials, AP is power loss of transformer, m.os, AP0y are

the average value of the mass and power losses in the transformer for the initial
. . T . . .

population, a;, &, are weight factors, x = [x3, x,, x3] is the vector of design variables.

160



W. Lyskawinski, £. Knypinski, L. Nowak, C. Jedryczka / Optimization of the pulse ...

During the optimization process, two major constraints are imposed:
— the steady temperature rise of windings Ad,

g )= 2%l 1< ®
— the output power of transformer P
P
g:(x)=1- ]ﬂ")so 4)

The constrains in the form of external penalty function method has been taken
into account. According to this method, the modified objective function is formed.
In the modified function the term representing the penalty for overstepping the
constrains is added [14].

The following data have been assumed: rated voltage U;,=230V, supply
voltage frequency f,=100kHz, the nominal average output voltage U,,=24V and
load current 1,,,= 10 A.

In the optimization process, due to the very large time-consuming calculations
of functional parameters based on field model of phenomena, the concept of two-
stage synthesis of transformer are proposed [12]. First, on the basis of less accurate
circuit model of phenomena, and then in the second stage uses the structure
parameters obtained from the first stage to optimize the transformer, as initial
values for the synthesis of this construction in field approach.

3. Results of optimization using circuit model of transformer

To optimize the magnetic circuit of pulse transformer the software consisting of
optimization procedures using a genetic algorithm and procedures involving circuit
model of phenomena in the transformer [6] has been developed. The influence of
the number of individuals, number of generations, and the probability of mutation
in the convergence of the optimization process have been investigated. The change
of the objective function defined by (2) and its sub-criteria (m.05/mAx) and
AP /AP (x) respectively) during optimization process have been shown in the
Figure 1 a), b), c), respectively.

The following parameters of the genetic algorithm have been assumed: the
number of individuals in each generation equal to 200, the probability of mutation
equal to 0.05%. It can be observed that for a number of generations higher than 30,
the change of objective function was less than 0.01%.

On the basis of carried out simulations the values of genetic algorithm control
parameters (i.¢. mutation probability, etc.) giving the best convergence of the
calculations have been determined.
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Fig. 1 Evaluation criteria (a) and sub-criteria (b), (c) as a function of the number of generations
(L- best adapted individual, G- worst adapted individual, S- average in the generation)

The set of control parameters include the number of individuals, the number of
generations, and the probability of mutation. From the other hand these parameters
are chosen in such a way as to minimize the number of objective function calls.
After many testing simulations it has been found that the optimization procedure
has a good convergence for the following parameters: number of individuals not
less than 100, number of generations greater than 40, and the probability of
mutation within the range of 0.3 - 0.05%.
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The result of the optimization process of 3 design variables ht, bt dFe of
transformer has been summarized in the Table 1. According to the idea of genetic
algorithm, a set of initial solutions were obtained as a result of the random
selection of the design variables in the space of feasible solutions. The first row
shows the results of the optimization for number of turns calculated on base of the
window size of the transformer. Obtained in this way, the number of turns is a real
number. Due to the technological process typically the number of turns must be an
integer. The next two rows in the Table 1 contains the results obtained assuming
the constant window width of transformer and the number of turns z1rounded up or
down to the nearest integer. The width of the transformer window results from the
dimensions of wires and insulation.

Table 1 Results of first stage of optimization

Zi ht[mm]  bt[mm]  rfrmm] n [%] m [d]

35,34 28,96 7,74 14,25 97,62 273,26
36 29,50 7,80 1471 97,32 299,51
35 28,75 7,80 14,05 97,52 266,02

It has been found that the core dimensions presented in the second row of Table
1 are similar to standard core type ETD-44. Choosing these dimensions for further
discussion enables easy way for verification of proposed approach, by measuring
performance of the built models of transformers.

In the next step the accurate synthesis of this variant were performed using the
field model of electromagnetic phenomena in the PT. The impact on the PT
efficiency of several parameters neglected in the circuit model, such as the
thickness of the insulation 8 between windings and winding placement have been
investigated. The structure of considered pulse transformer with the ETD 44
core type has been shown in the Fig. 2.

Fig. 2. The structure of considered pulse transformer
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4. Second stage of the optimization

Using the field approach the more accurate determination of functional
parameters can be achieved than for case of utilizing the circuit model [6].
Therefore, further optimization of the transformer is made using a complex field
model of phenomena [5,6], which incorporates the nonlinear and hysteretic
properties of the magnetic circuit, eddy currents in the core and windings, as well
thermal processes and dielectric losses. The magnetic field distributions after
power-on of the PT for chosen time instants t=04T, t=22T (T = 10 jis) are presented
in the Figure 3a, 3b respectively.

As the initial values of considered design variables for the fine design of the PT
transformer using the field model the design variables obtained in the optimization
process by using the circuit model of phenomena (Table 1) have been used. On the
basis of performed analysis it was found that the windings configuration has an
important impact on functional parameters of transformer. Therefore, the
investigations have been focused on optimizing the configuration of the windings,
to get the highest efficiency [5]. Two variants of windings configuration have been
examined. In first variant, the primary compact winding is placed near the center
core leg and the secondary winding has been wound around primary. In the second
studied case, the secondary winding is placed between the two halves of the
primary winding (sectional primary winding). The thickness 8 of the insulation
between the windings has been optimized to minimize the losses in the windings
and the core. The best efficiency has been achieved for 8= 0,5 mm.

3) b)

Fig. 3. Distribution of magnetic field in the pulse transformer fora) t=04 T, b) t=22 T (T = 10is)

The comparison of efficiency of the considered transformer as a function of the
load current has been shown in the Figure 4. The first variant of the winding topology
has been examined. Obtained characteristics have been determined on the basis of field
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and circuit nomodel ofthe PT. Calculated curves are compared with the results of
measurements nP. The good convergence of measurements and result of the
simulations confirms the accuracy of the elaborated field model of the pulse
transformer.

It can be observed that the efficiency curve no calculated using the circuit model
differs significantly from the results of the measurements. It can be explained by the
inaccurate identification of model parameters and neglecting the thermal phenomena.
As it can bee seen the efficiency nois almost 3% higher than np for rated current of
10 A. To increase the accuracy of the circuit model the lumped parameters should be
determined using field methods or on the basis of measurement.

Fig. 4. Efficiency of pulse transformer as function of load current

In the next step the transformer with sectional primary winding has been
investigated. The PT efficiency determined on basis the field model of the
transformer was compared with the results ofthe measurements (Fig. 5).

Fig. 5. Efficiency of pulse transformer with sectional primary winding as function of load current
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It can be noticed that efficiency m, of the pulse transformer with sectional
windings at rated load is about 1.5% higher than the efficiency mn, of the
transformer with compact windings.

Presented results show that the optimization of transformer was performed
correctly. Moreover it can be found the elaborated field model and developed
software can be very useful in designing of studied type pulse transformers.

5. Conclusions

Because of high time-consuming calculations of the functional parameters using
the field model of phenomena in the PT, the decomposition of the optimization task
into two stages has been proposed. In the first stage, the simple circuit model of
phenomena has been employed. Then in the second stage, obtained in the first
stage the optimal values of the design variables are used as the initial values for the
synthesis of the PT construction using field approach. The proposed design strategy
of the PT based on the two-step optimization significantly reduces the computation
time.

The procedures of the optimization of pulse transformers have been
implemented as an own code. Elaborated software allows to determine the
dimensions of the magnetic circuit, the number of turns and winding structure in
respect to given properties of the materials to achieve the best performance to cost
ratio expressed by proposed objective function. The good convergence of
simulation and measurement results confirm the usefulness of the software
developed for the design and optimization of pulse transformers. The usage of
presented approach allows to reduce the cost of upgrading the existing and
development of the new structures of pulse transformers by limiting the costs of
developing number of prototypes.
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