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Abstract — in this paper a new approach for
optimization of high frequency transformer design is
presented. The presented design method is based on a
restatement of the traditional transformer design
equations to include non-sinusoidal switching
waveforms and high frequency skin and proximity
effects. In this optimization procedure both electric
and thermal effects in the transformer is considered.
Wave form of voltage and current, and maximum
acceptable temperature rise, are used as input data.
The aim of this procedure is the selection of the
smallest core that can deliver desired power, and
determination of optimum flux density and current
density to reach a transformer with high power
density and admissible temperature rise. Since the
transformer is the major contributor to the volume
and weight of the Power Supply, the results of this
transformer analysis can be used for entire power
supply optimization as well. Finally the validity of
presented method is analyzed.

Index terms — losses, optimization method,
proximity, skin, switch mode power supplies, thermal
model, transformer

1. INTRODUCTION

Magnetic component technology has received
considerable attention in recent years. It is widely
recognized that the ability to manufacture small and
efficient magnetic components is the key to achieving
high power density that is important factor for power
supply in application such as satellite, airplane, computer
or any compact and mobile systems. It is a well-known
fact that reduction in the size of magnetic components
have been achieved by operating at higher frequencies,
mainly in switching circuits. However the high-frequency
transformer is the major contributor in the size of any
SMPS since it determines about 25% of the overall
volume and more than 30% of the overall weight [1].
Fundamental issues in the design of any high-power,
high-frequency transformer are to minimize the power
loss, volume and weight. This paper explores the
optimum design of a high-power and high-frequency
transformer, which contains:

1) Selection of the smallest standard core size relevant
to the throughput power, frequency, and transformer
operating temperature.

2) Calculation of the optimum flux and current density
providing minimum transformer loss.

In order to accomplish such a complex optimization
procedure, investigations were carried out in the
following areas:

1) Core loss determination

2) Copper loss determination

3) Thermal modeling

4) Optimization

IT) LOSS COMPONENT

The total loss of a transformer consists of two basic
parts: copper loss and core loss. In two following
subsection both of these components are discussed in
detail.

A) Core loss

The total core loss is a result of three loss mechanisms:
hysteresis, eddy current and stray losses. Each of them
computed as bellow [2]:
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Wherea, n,p, h and 1 are constants depend on
material property and dimensions of the core, f is
frequency and B, is flux density. As can be seen, all
above equation are function of f and B, thus we can
approximate the sum of them by:
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Where V., is the volume of the core and ¢, x and y
result from the manufacturer data sheet by curve fitting
method [2,3].

B) Copper loss

By definition, the copper loss in a two winding
transformer carrying high frequency current with an
effective valuel, i and I, in primary and secondary
side is:
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Where:
Fi = Re]j‘i /Rdcz' (6)

Is called an ac-resistance coefficient for i th harmonic
and model skin and proximity effect in the conductor [3].
This coefficient is calculated by improved formulation
based on Dowell work [4]. This formulation is as
follows:
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Where 1,,;, because of the nonsinuosoidal nature of

the current wave form of these transformers, are

n' harmonic component of the current of i th winding.
K, is calculated as follows[3]:
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Where m is the number of layer and A is normalized
diameter and shown as:

h
A= 3\[ Klayer (9)

Where § =,/2/0py@ is skin depth at fundamental
frequency, h is thickness of the layer, g, is permeability
of air, o is the conductivity of the conductor and K., is
the porosity factor and is equal to the ratio of the total net
height of the copper to the height of the core window.

Following picture illustrate these parameters.
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Fig. 1.schematic diagram of
transformer core window

IIT) TRANSFORMER TEMPERATURE RISE

Transformer temperature estimation is needed in
design process in order to verify that material
temperature specifications are not exceeded and also to
take temperature dependence of loss mechanisms into
account.

Linear thermal resistances are frequently used in
electronic design. However, these should be used only
for conductive heat transfer. But in transformer thermal
modeling there are another mechanisms in heat transfer
that are convection and radiation. These two phenomena
are nonlinear and depend on the instantaneous
temperature differences between the object and ambient.
In this work heat transfer mechanisms is considered and
the transformer temperature rise is calculated as follows
[6].

Dissipated power = Penvection + Pradiation

A) Convection

Convective heat transfer capacity P, .cion (W) ofa
cube with dimensions in millimeter is:
B:onv: B:onv—up + B:onv—bottom+ Pconv—side (10)

Those are dissipated power from up, bottom and side
surface of the body. Each of them is:

Propysp = 234X A, X AT' % (11)
Pconv—bottom =1.26x Abottom X ATI‘ZS (12)
Pwnv—side =1.91x Aside X ATI.ZS (13)

Where 4,, is the area of the upper surface of the body

and so on. AT is temperature rise and is:

AT = Tsurﬁzce ~ Lambient (14)
Substituting (11), (12) and (13) into (10) yield:
Pconv—up = (234Aup + 1‘26Abottom + 1‘91Aside )ATI'ZS (15)
B) Radiation
Radiative heat transfer capacity P, zzion (W) of an

object with emissive factor of 0.85 and dimensions in
millimeter is:
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Prad =4.845x10 " x Atotal [(Tsurﬁzce )4 - (Tambient ) ] (16)



IV) THERMAL SYSTEM

Total dissipated power is a function of three
parameters as:

Botar =1 (Tsurface s Tambient - Object dimention) (17)

We can utilize of this function in two forms as shown
below:
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Fig. 2. Thermal system

V) OPTIMIZATION

The aim of this paper is to reach minimum size and
maximum efficiency for transformer, thus the object
function that has to minimize is as:

J =volumx P, (18)

Since McLyman’s work [7] it is obvious that the
product of core area and winding area is a stand for

transformer volume. Thus we use area product, A4 »

instead of volume in our object function. 4, is calculated

as below:
Ap = Acore X Acy (19)
£y
A = (20)
o KleBmaxf

Where E|is the effective value of primary voltage,
N, is number of turn of primary and K ,is the form
factor of the voltage waveform that is 4.44 for sinusoidal
and 4 for square waveform [7,8].
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Where K_,is copper fill factor and ; is the current

density that assume to be equal at primary and

secondary winding. Substitution of (20) and (21) into
(19) yields:

A
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And K =K /K,,
Substitution (4), (5) and (22) into (18) for given
frequency results in :
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In (23) R, and R,,are directly depend on j and
indirectly toB., . To replace them with their
equivalents the following substitution is done:

/ [N
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Where [, is average length of one turn of the

primary winding and N, and ¢ are number turn and

copper cross section of it respectively and so on for
secondary. Now there is:
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Substituting these into (25) yields:
E\L +Ey], Flplalel
K.f K AcoreBmax (26)
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In (26) all the parameters except j and B, ar
constant thus it can be written:

K, B!

S =10, Brax) = Ki (57— + K3 —%) 27)
Bmax j
Where:
_EL+E (28)
K.f
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Eq. (27) is a two variable function that can be
optimized by partial derivation but since j is in the
denominator of one term, if it become larger, the better
result obtained. But B,,, is in denominator of one term

and nominator of another, thus it has an optimum value



and is our derivative variable:
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Substitution of (32) into equation that is the sum of all

loss component yield
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From thermal model we can calculate the maximum
value of P, .. that reach transformer temperature rise

to the safety margin. Substitution this B ., in (36)
and by (32) the
optimum B, can be calculated. Substituting this j

yield maximum admissible j

and B, in (22) give minimum 4, or minimum core

size. The Fig.3 flowchart, shows the optimization
procedure .

VI) OPTIMIZATION METHOD VALIDATION

The proposed optimization procedure is utilized for
design a transformer that must operate in the circuit that
shows in Fig 4. the voltage and current wave form of this
transformer is illustrated in Fig.5. Because the rms value
of voltage and current are 182.58 volt and 6.83 ampere
respectively, apparent power of the designed transformer
is 1247.048 VA at 20 kHz. It is assumed that transformer
temperature not exceeds of 100°C. This means that
Tsurfuce =100°C . For this transformer, EE ferrite core
made of manifer]98A material is used. These cores are
available in standard range such as E25, E32 , E42, ES5,
E65, and other standard size. The optimization routine
propose E55, Buax = 3357 gauss and j = 3.23 a/mm2 .
Power loss and temperature rise for E42, ES5 and E65
are calculated. The result is showed in Table I. as can be

seen from this table, to achieve desired throughput power
Tmax Will be higher than 100°C for E42 core that is
smaller than E55. In case E65, surface temperature is
89°C that is smaller than100°C . This means that E65
core don’t use in optimum operating point and its full
capacity is not used.

TABLE 1. optimum design for EE core

Core type Bmax opt (&) Jopt (af mm”* ) Tinax €
E42 3826 3.81 115.1
ES5 3357 3.23 97.8
E65 2994 2.98 89
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Fig. 3.0ptimization procedure
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Fig. 5. a)Voltage (volt), b)current (ampere),vs. time (sec)

In another test an investigative analysis is done by
plotting power loss versus By and j for E55 (which
according to Table I and because of obtained
temperature, is the optimum core size) around optimum
operating point. For this, because of close relation
between B, and j, at first By is set to given value by
change in primary turn, then since dimensions of core
window are specified, j and Py, can be calculated.
Table II shows the result of this investigation.

TABLE II. operation of E55 around optimum point

Bnax (G) | J(A/mm®) | P (W) n % Tsurfaceoc
3967 2.6358 196.34 86.42 152.6
3795 2.7556 148.27 88.11 134.0
3637 2.8754 140.29 88.75 126.9
3491 2.9952 122.7 90.16 111.3
3357 3.230 107.49 91.38 97.8
3233 3.2848 122.2 90.21 110.89
3117 3.3546 147.89 88.14 1333.3
3010 3.4744 158.12 87.86 142.7
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Fig. 6 shows the result of this analysis in a graph. As
can be seen from Table I, Table II and Fig. 6 the
optimization algorithm accurately determine the
smallest core that can operate at given condition, and the
design parameter (Bn,x and j) for selected core.
However it must be considered that correspondence
between analytical result and experimental result is
depend on the accuracy of equation that use for
calculation of transformer specification such as core and
copper loss and thermal model. Since these equation can
predict the transformer specification with error less than
10 %][6], the whole procedure is reliable up to 90%. The
authors is engaged in implementation a set up to test
prototype optimized transformers and evaluation of
validity of proposed optimization procedure in practice.

VII) CONCLUSION

A new methodology for designing transformers has been
described. The design procedure so optimized to
determine the smallest possible core and to minimize the
core and winding losses by selection optimum current
density and flux densitie based on the electrical and
thermal analysis of the transformer. The design procedure
flowchart is suitable for use in a computer application in
conjunction with a database of core size and materials.
Analytical investigation showed that optimization
procedure is accurate but because of the approximation in
thermal and loss equations, accordance between analytical
result and practical result could not be completely
expected. In terms of that, the main advantage of the design
procedure developed is that it allows us to select the core
and calculate winding parameters, i.e., it provides (with
acceptable accuracy) the most necessary design
information. This information can be further used for more
precise (finite element or finite difference) analysis, if
necessary.



REFERENCES

[1] R. Petkov, “Optimum design of a high-power high-
frequency transformer,” [EEE Trans. Power
Electronic., vol. 11, no. 1, pp. 33—42, 1996.

[2] S. A. Mulder, Loss Formulas for Power Ferrites and
Their Use in Transformer Design. The Netherlands:
Philips Components, 1994.

[3] F. F. Judd and D. R. Kressler, “Design optimization
of small lowfrequency power transformers,” /IEEE
Trans. Magn., vol. 13, no. 4, pp.1058-1069, 1977.

[4] P. L. Dowell, “Effects of eddy currents in
transformer windings,” Proc.Inst. Elect. Eng., vol.
113, no. 8, pp. 13871394, 1966.

[5] W. J. Muldoon, “Analytical design optimization of
electronic power transformers,” in Proc. Power
Electronics Specialists Conf., June 1978, pp. 216—
225.

[6] Sippola M., Sepponen R., “Accurate prediction of
High Frequency Power Transformer Losses and
Temperaturerise”, [EEE Transactions on Power
Electronic, vol. 17, no. 5, September 2002

[7] W. T. McLynam, Transformer and Inductor Design
Handbook. New York: Marcel Dekker, 1978.

[8] E. C. Snelling, Soft Ferrites Properties and
Applications, 2nd ed.London, U.K.: Butterworths,
1988, ch. 11.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


