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Abstract

A design method which is an improvement over the area—product method (Ramanarayanan, V., Power electronics
class notes, 1996) for the design of inductors and transformers working at 50 Hz is proposed in this work. An iterative
method is developed over the existing area—product method to achieve an optimal core for a given set of input specifi-
cations. A large database of cores and user-interactive software is developed. The contributions made in this work are:
(1) a design method for inductors which achieves substantial (30%) savings in the material when compared 1o the
conventuonal method, (ii) a similar design method for transformers that add more features to the conventional method,
and (111) a method to estimate the parasitic leakage inductance (error < 40%) in transformers based on stored energy

principles,

I. Introduction

Magnetic components such as transformers and inductors are electromagnetic circuit elements.
Transformers transform electrical energy through an intermediate magnetic link and inductors
store energy in a magnetic field. In power electronics systems (PES), these elements constitute
a major part. In majority of the systems, inductors and transformers contribute to as much
as 30% of the overall cost. The design of these elements has been a challenging and demand-
ing task with the increasing complexity of the PES. The designer of modern magnetics must
possess a wealth of information in the form of an extensive database. Both inductors and trans-
formers are not available in wide range of ratings but are usually custom-designed and con-
structed. In this situation, the equipment designer or the user must be knowledgeable about the

design.

There are two methods employed for the design of magnetic elements, namely, area—
product method' and core-geometry method.? The area-product method is more popylar In its
simplicity. This method gives a feasible design but does not guarantee an optimal design. Most
industries maintain a catalogue of past designs which are successfully made and new designs
evolved based on the past experience. Such designs use the VA ra!ing and Volt per turn for
every core being used. Such a procedure also provides a feas:bic d§51gn but do?s not guarantee
an optimal design. The limitations of the previous methods™ © being the motivating factor, a
new iterative method is proposed as an improvement over the conventional area—product

method.

The objectives of this work are:
*Present address: Lucent Technologies India Lid, Hyderabad 500 034,



430 G. S. RAMANA MURTHY AND V. RAMANARAYANAN

(1) To improve the area—product method for the design of transformers and inductors at

power frequency,
(2) To incorporate in the new method an empirical correction for fringing effect in the
case of inductors and parasitic leakage inductance in the case of transformers, respec-

tively,
(3) To develop a user-interactive software for the conventional and modified area—product
methods and verify experimentally.

The iterative method developed has several advantages. They are: (a) selection of the right
magnetics for inductors and transformers, (b) multiple design options for a given specification
and (c) estimating leakage inductance of transformers with reasonable accuracies.

2.1. Area—product method

The area—product is defined as the product of core area (A;) and the window area (A,) for a
core. The basic design requirements involved in magnetics are the selection of an appropriate
core which can carry the flux without saturating and winding, and the required amount of cur-
rent. The various parameters involved in the design of magnetics are divided into three catego-
ries: design requirement, material constraints and manufacturing constraints. The design re-
quirements for inductors are the inductance (L), peak current (/;) and RMS current (/). Simi-
larly, the design requirements for transformers are the Volt Ampere (VA) and the frequency of
operation (f). The material constraints include current density (/) for winding conductors and
flux density (By,) for the core to be used. The manufacturing constraints are the window utilisa-
tion factor (K, and core-stacking factor (Kj). The relationships between these design parame-
ters and the area—product (A A.) for both inductors and transformers are given below, respec-
tively.
AcAy = Lllns/ Ky K, Bu J, (1)
AA,=VAR22fB. K, K. J. (2)

The above equations can be interpreted as the relationship between the energy-handling capac-

iFy (LIIn/VA) to the size of the core (AcAy), the matenial constraints (B,,, J) and the utilisa-
tion factors (X, K).

In this method, given the design requirement, one can select the appropriate material and

manufacturing constraints using the past experience and can calculate the area—product to
choose the core and winding to complete a feasible design.

2.2. Modified area—product (iterative ) method

This method is a modification proposed over the area—product method. In this section, we dis-
cuss the key parameters involved in the proposed method and the need for the proposed

me[hgd + A design algorithm for the same is proposed and the results are presented subse-
quently.

COHS'fle_r?“g the design equations (1) and (2), apart from the design requirements, one
needs to initialize the parameters By, J, K., K, to start the design process. The maximum un-
Satufmed ﬂ“x_ density (By,) is around 1 to 1.6 web/m? for iron cores and its exact value for a
particular design depends on the maximum allowable temperature in the core. Also, the maxi-
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FiG. 1. Iterative algorithm for the design of inductors.
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Tabie I
Results for (a) 2.5 mH inductor with [ =6 A and I,=12 A

and (b) 5 mH inductor with /=20 A and I, =50 A

—

S—r—

Parameters Area-product method  lIterative method
(a) (b) (a) (b)
Inductance (mH) 34 7.06 2.59 5.22
Copper (kg) 0.17 1492 0.15 1.36
Iron (kg) 0.54 692 0.49 4.7

—— — e S

mum allowable current density (J) for copper conductors is in the range of 2 to 5 A/mm?,
which again depends on the allowable temperature in the winding. The value of core stacking
factor (K.) depends on the type of the core being used and it is typically in the range of 0.9 to
0.95 for iron cores. The only parameter which is not in the control of the user and lies within a
wide range of 0.3 to 0.6 is K,,. The optimal core can be obtained by selecting the right value of
K.. which in normal cases is difficult to predict for a set of given design inputs. In order to find
an exact value of K, for a particular design, one should consider several designs and decide on
the one that is optimal. To get the exact value of K,,, an iterative method 1s proposed for the
design procedure.

To carry out this method, one should have a complete database of cores and bobbins. A
user-interactive program is developed to carry out this method iteratively and efficiently by
creating a database. The method is different for inductors and transformers because of the dif-
ference in their number of windings.

In the case of inductors, an estimated value of K, (K,) is taken from the wire table, which

picks an initial core, and iterations are carried out to obtain an exact core ultimately. The esti-
mated value of K, for each wire is given by

Kei=idolDy, 3)
where a,, is the cross-sectional area of the bare wire and D, the overall diameter of the wire.

After selecting the value of Kus, using (1) we can calculate the area-product required for
the design and also select a core from the core tables. For a selected core, the number of tums

required is calculated using (4) and subsequently the maximum inductance achievable is calcu-
lated using (5):

N= kwAw/am (4)
Lo =R Bl (5)

From the values of N and L., iterations are carried out to adjust K, that, in turn, selects a final
core_ to be used for the specifications given. After selecting the right core, more iterations are
carried out to adjust air gap and the number of turns to achieve the right value of inductance.
'I.'he algomhn'] based on this method which is self-explanatory is illustrated in Fig. 1. This de-
Sigm mered 1s more advantageous since (i) it reduces both the iron and copper weights, (ii)
calculates the air gap more exactly by considering the fringing effect® and also (iti) adjusts the
number of turns of the inductor to get the exact value of inductance. The results for the induc-
tors based on area—product and iterative methods are presented in Table 1.
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FiG. 2. Iterative algorithm for the design of transformers.
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Table 1l
Results for (a) 240 VA single secondary transformer, (b) 342 VA

multiple secondary transformer and (c) 500 VA auto transformer

Parameters Area product method Itcrative method

(a) (b) (c) (a) (b) (c)
Copper (kg) 072 118 075 1.02 174 096
Iron (kg) 465 4.1 4.9 275  2.81 3.1

Total weight (kg) 537 588 565 375 443 44

In the case of transformers, two tables of cores are made, one each in the ascending order
of area—products and core sizes. To start the algorithm, a minimum value of K, 1s chosen and
A A, is calculated using (2). Based on this area—product, a core is selected from the first table
and by making use of the second table a more exact core is selected for the given specifica-
tions. The algorithm based on this method which is self-explanatory is given in Fig. 2 and the
practical results are presented in Table II. The design method achieves a considerable percent-
age decrease in iron weight but has a small percentage increase in copper weight. Ultimately,
an overall weight reduction in the design process is obtained. This method is advantageous in
cases where the iron cost is comparable to the copper cost (which is the case with higher-grade
iron materials like cold-rolied grain-oriented (CRGO) steel.

2.3. Estimation of leakage inductance in transformers

A modelling technique for E-I cores is derived for the estimation of the leakage inductance of
transformers. This method is based on the stored energy principles.’ The leakage field distribu-

tion is calculated by deriving the equations in the winding space of the transformer. The field
equation which is used to estimate the leakage inductance is given below:

L =2 [{[H(pyav, 6)

where H(p) is the field intensity inside the winding volume at a distance p from the core, dv
the volume element and 7 the current in the reference winding.

This method is applied to the transformers built with E-I type cores. On evaluating the inte-
gral (6) for a two-winding case, (7) is obtained.

Li=2 pto Ny’ 13b ((CW + CB + 3h,) + hy(CW + CB + 4 h, — 8 ho)), (7

where N; is the number of turns in the primary of the transformer, b the height of the windings,

hy and h; are the widths of the primary and secondary windings, respectively, and CW and CB
the core width and core build dimensions of the core.

tran:?(:;z;::ilge .Calc:il!auon feature is incorporated in the design software and applied on the
inductance ca]z&]gne d E’Tablc Ill): From the I:CSU“S‘ we can observe that the values of leakage
tfomdl i w'ated. by the designed algorithm (Fig. 2) are nearer to the actual values ob-

¢d by the short-circuit test on the transformers. The errors are within 50%, which is a rea-

sonabl icti ] ' '
o fc prec?lcuon, s:mce the leakage inductance in a transformer is a second-order effect (or-
r of magnitude estimates are acceptable).
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Table 111
A compa risml of calculilf_d and actual values of leakage inductance in transformers
Type Tr?nsfnrrnf:r Calculated value Actual value ) % Err_oT
raung (VA) (mH) (mH)
Single secondary transformers 10 44,83 60.0 =28
240 (Sample 1) 1.67 2.71 -38.4
240 (Sample 2) 5.8 8.17 -29.0
1000 1.02 1.25 -18.4
Multiple secondary transformers 18.9 32.29 52.0 -37.9
342 (Sample 1) 4.84 6.54 -26.0
342 (Sample 2) 13.92 14.23 -2.2
2560 0.9 |.88 -52.1
Auto transformers 50 10.98 15.3 -28.3
500 (Sample 1) .75 2.34 =254
500 (Sample 2) 4.61 5.57 -17.3
900 1.4} 1.86 -24.2

— — —

3. Conclusions

This work presents an iterative algorithm for the design of transformers and inductors. This
iterative algorithm is an improvement over the conventional area—product method in achieving
an optimal design. The method also includes the estimation of leakage inductance of trans-
formers. User-interactive software is developed for both the conventional and iterative meth-
ods. The design specifications obtained from the software are tested on practical inductors and
transformers. These results indicate an overall achievement of nearly 20% savings in weight
and commensurate savings in cost. The design methods also cover important variations such as

multiple winding transformers.

Another important aspect in the design methodology proposed is an attempt to calculate
parasitic inductance associated with transformers. Appropriate modelling technique based on
the leakage energy has been effectively used to predict the leakage inductance of various types
of transformers. The accuracy in this prediction (approx. 30%) is a reasonable prediction con-

sidering the leakage as parasitic.
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