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Abstract - Skin and proximity effects are significant factors  nificantly affecting circuit operation at high frequencies.
to consider when calculating effective resistances and leak- Niemela et al [4] have proposed a method to calculate this
age inductances in transformers, specially for those used in energy, which is based upon Vandelac and Ziogas's work.
high_ frequency power conversion. This paper _presents gen- This paper builds on the one-dimensional model pro-
erahzed_e_xpr_essmns to calculate t_hese effective parameters posed by Vandelac and Ziogas [1], hereinafter referred to
for multiwinding transformers obtained through one- and . . :

as thin layer model. Extending its pattern to the two-

two-dimensional analytically based approaches. Experimen- " . . .
tal data and electromagnetic field computation based data dimensional model proposed by Ferreira [2], hereinafter

are provided for comparison and validation purposes. r(_aferred to as orthogonality ”_10de|1 _generalized expres-
sions are derived for the effective resistance of multilayer
|. INTRODUCTION windings of either solid round wire, or litz wire, or foil

conductors. Similar generalized expressions for the effec-
The design of compact and efficient magnetic compotive resistance and leakage inductance are also obtained
nents for high frequency power conversion applicationshrough the thin layer model itself, giving a unified sense
such as transformers and inductors for switched mode these models. An extensive work carried out by the
power supplies, requires accurate models of core aralithors, concerning the effect of winding curvature on its
winding losses. Considerable mathematical modelingffective parameters, supports the conditions under which
efforts carried out over the past few years have resulted these expressions will be theoretically valid [3]. To the
one- and two-dimensional models to predict windingauthors' knowledge, these solutions, when applied to
losses [1,2] in such components. The one-dimensionalansformers with multilayer windings under non-
model proposed by Vandelac and Ziogas [1] assumes thsihusoidal current excitation, usually the practical case,
the three-dimensional magnetic field in the componernitave not been reported in previous works. In addition,
winding space varies in only one dimension, is uniformlyexperimental data are provided to illustrate the accuracy
distributed and ignores the effect of winding curvatureand the limitations of such mathematical modeling.
This model can be used to predict winding losses in mag- The limitations of these models, e.g. when the conduc-
netic components with multilayer windings of foil con- tors are subject to end-effect losses due to radial magnetic
ductors under arbitrary periodic current excitation. In thdields, can be studied by using a numerical technique such
case of windings with solid round wire or litz wire, this as the finite element method (FEM) and the finite differ-
model requires the replacement of the actual windingnce method (FDM). In this paper, thdBritations are
layers by equivalent-foil conductors as in the originaktudied by using Difimédi [5], a two-dimensional FDM
model. The two-dimensional model proposed by Ferreirgoftware package. For comparison between theoretical and
[2], which also ignores the effect of winding curvature, isexperimental results, an automated system for winding
based on the orthogonality that exists between the spatiass measurement was implemented.
current distributions due to skin and proximity effects in
symmetrical conductors immersed in an external magnetic Il. MATHEMATICAL MODELING
field that is perpendicular to their axes. It allows, for an
arbitrary periodic current excitation, the calculation ofA. Thin Layer Model
losses due to skin and proximity effects separately and
takes the actual conductor’s geometrical shape into ac-In the one-dimensional case, the magnetic field in the
count, but a detailed knowledge of the magnetic fieldvinding space is assumed to be parallel to the center leg
distribution across the winding section is required to calef the core. It is reasonable to expect that, with a high
culate the proximity effect losses. In order to obtain appermeability pot core surrounding the winding structure,
analytical solution to this problem, as required by thesuch a field pattern will be produced, and experimental
design optimization procedure of the component [3], itesults indicate that the assumption of parallel field lines
must be assumed that this field distribution is oneis also a valid one for high permeability cores of different
dimensional and uniform in the conductor cross-section. geometry, such as EE, EC, and RM cores. In addition, it is
Although receiving considerably lesstention and of- assumed that the winding structure is axisymmetric and
ten ignored, the time-average magnetic energy stored gonstituted of foil conductors, which span the entire
the winding magnetic field can be just as important, sigbreadth of the core window. Finally, the currents in the
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layers are assumed to have identical waveforms. Undebnductors, under non-sinusoidal periodic current excita-
these assumptions, the general solutions to the magnetion, are given by (3) and (4), respectively:
field and current density within the n'th conducting layer

of a winding can be obtained in cylindrical coordinates DZ DZ h

from Maxwell's equations. The particular solutions to Re :Dg_dcm +E ; DG—eij - {

these electromagnetic quantities can be determined bRy Qef B 3j:1§ef B |1 5 2
+

applying the boundary conditions of magnetic field phasor

at the innermost and the outermost surfaces of the layer. _ 2 _
Once these solutions are obtained, the solutions to the Fl(bj )N(2M 2+1)(1+|¢j| )+2(M 2—1)D(¢j )]+
power dissipation and the magnetic energy storage within 5

the n'th conducting layer can be obtained from Poynting's ~4F5(h: (M 2 _1)(1+|$ | )+(M 2 +2)0(¢ )1}
theorem. The solutions to the power dissipation and the - J J
magnetic energy storage in the multilayer winding can be (3)
obtained by adding the results obtained for each layer in

particular. In this sum the magnetic energy stored in the he O E?
insulation layers of the winding must be taken into ac-*-€ - =1 fdc 1
count. Finally, according to Fourier's analysis, these soluRdc 3 Hef g |1‘¢cc|2
tions can be extended to non-sinusoidal periodic current

excitation by adding the results obtained for dc excitation hi1[(2M 2 +1)(1+¢<2:c)+2( M 2 -1)dpec+
and for all harmonic components of the current waveform. 2 2 2
The detailed one-dimensional mathematical modeling 3M(1-¢cc)l +2MM “[1+dec +dccelt +

of power dissipation and magnetic energy storage in a
multilayer winding of a multiwinding magnetic compo- -1 L
nent, an apalysis of desig_n optimization techniques and 3 jzlﬁ ef 0 1_5_ 2 \/T
graphical displays concerning, among others, the effect of J

hy o EIeij2 1 1

curvature on these quantities, are contained in [3]. > _ 2
Fig. 1 shows a cross-section of a multiwinding magnetic hjj [(2M +1)(1+|¢ j| )+

component where the structure of a particular multilayer 5
IR ; : ; 2_ e e

winding is detailed. If the conductor layer thicknes$,is 2AM 1)D(¢J )+3M (1 |¢ J| )]+

the mean layer radius ig,, and the mean winding radius 5

is ry, then the conditions under which the effect of cur-  F(h; )[(2M 2 +1)(1+|$j| )+2(M 2 —1)D($j )] +
vature can be ignored are given by (1) and (2) [3]: 2 3
~4F4(h (M2 -1)(2+[p | ) +(MZ +2)0(8

rn = 4h ) 4
'w U @) where:
senh(zr_1j JE= sen(Zhj )

The particular one-dimensional model obtained UHdeIF_Lg(bj )= (5)
these conditions is named thin layer model. According to cosh(zh;)-cos(2h;)
derivations in [3], based on this model, the expressions for senh(; )cos(h; )+ coshh; )sen; )
calculating the effective resistancBe , and the effective  F 4(h i )= J - ZhJ 2hJ J (6)
leakage inductancd,e, of multilayer windings of foil coshhj ) -cos(@h; )

hj =h/s; (7)
A z  l'stconductor laye insulating layer ~ M'th conductor layer DIJ =h /6 j 8

| | |
dj =42/ juloac 9)
d=Ho/HM (10)

In the above eqtions, Ry is the dc resistance of the
winding, lgc is the dc component of the current wave-
form, lef is the rms value of this wavefornesj is the

rms value of its j'th harmonic componenb, is the fun-
damental angular frequencygyg is the copper conductiv-

ity and pq is the free space permeability.
Figure 1. Cross-sectional view of a multiwinding magnetic component. 10 permit calculating the winding boundary-condition

other interior windings n'th conductor layer  other exterior windings



7.7 hae = 7 [F -
E f r [1s(JgsIgpT)ds = [[o(Igs Tgp )ds =0 (11)
h A= 3 |2ds (12)
=
$ ZGC s [V
|:> b Pp = 1 Il |3qp|2ds (13)
ZGC
According to derivations in [3], based on the or-

v thogonality model, under the assumption that the field

Figure 2. Steps in transforming a layer of solid round wire into an equivaleistribution in the winding space is one-dimensional and,

layer of foil conductor. in addition, is uniform in the conductor cross-section, the
expressions for the ratio between effective resistance and

ratio, defined by (10), the frequency-independent magdc resistance of multilayer windings of foil conductors,

netic field phasors between windings, caused by the dg@lid round wire, and litz wire under non-sinusoidal cur-

component and by each harmonic component of theent excitation, are given by (14), (15) and (16), respec-
current waveforms, must be determined. tively:

For windings of solid round wire or litz wire, the actual
winding layers can be approximated by equivalent layers &
of foil conductor, which span the entire breadth of the coreRef - H&D +
window as illustrated in Fig. 2 [1]. In this figure, the Ryqs Hef B jzlﬁef
round conductors are replaced by square conductors of

equal conducting cross-sectional area, which are brought [Fl(bj )+2F2(bj N+
together into a single layer foil, then stretched in order to 1 _
fill the entire window breadth without changing the height §F( M. )lFhj)-2F2(h; )T}
of the layer. To compensate the increase in the cross-
. . ) (14)
sectional area of the conducting layer, an effective con-
ductivity nog is used in the field equations for the layer. Ry 4 D2 oo [ gfi D2 d:
ivn s defi er _gden 4 5y p®¥lpg T
The layer porosityn), is defined asn=Nph/b, where Ry, Hef g jzlﬂ ef @ 2
Np is the number of conductor cross-sections appearing 2
in a cross-sectional view of the winding layer, &nd the Wi(d; )+n_ F(M,0; )¥o(d )]
i itz Wi ey RS
core window breadth. Layers of litz wire are transformed 6
similarly [3]. First, it is assumed that the total current is (15)
divided evenly among the individual strands. Second, theRe ? w0 off # dg;
bunch of Ng strands with diameteds is replaced by a R—I: E—IQD + 3 E—I—JD %
I f j= f
squared arrangement QfNS x/Ng conductors of equal de Qe ER 15 ef 5
diameter. The resultan{/Ng layers of round wire are wl(gsj )+[1+% r(M,$j ) pNSqu(gSj )}
then transformed as described previously. Therefore, for (16)
layers of litz wire, whose overall diameter iy , Np is 4 ore.
given by Nj/Ng , where N; is the number of turns per 1+|$ _ |2 +D($- )
layer. (M ,$j )=4m 2 ) 1 (17)
B. Orthogonality Model |1_¢ ] |
| | _ bep(d j bel (d)~bep(d; ber (d;)
The current density vector phasor in a conductby, wl(gj )= 5 5 (18)
can be expressed as the sum of the current density vector (ber(d;))~+(bel(d;j))
phasor due to skin effect)s, and the current density bep(d j ber (d ;) +beip(d  )oel (d;)
vector phasor due to proximity eﬁecﬁ,p. Then, under l4J2(gj )=- (ber(d ; ))2+(be(d ) ))2 19)
the condition of orthogonality between skin and proximity - -
effects, expressed by (11), the power losses in the coml; :d/ V25 j (20)
ductor, in watts per meter, can be expressed as the sum o%
the power losses due to skin effeBg, given by (12), and  dgj = ds/\/%j (21)
the power losses due to proximity effed®,, given b

(13).



Power Amplifier software includes a specific routine for this purpose,
(Amplifier Research which i i
D5A250M) Component Under Test hich uses a_Fourler transform (fgst Foune_zr trans_form or
— i dls_crete Fourle_r transfprm_) algorithm. This routine re-
A (Hewlett-Packard 81164) quires the equivalent circuit parameters of the CSR. The
— Current winding loss is obtained by computing the mean of the
|| Current Probe Amplifier . .
| (Tektronix AM5030) . product between its terminal current and voltage over an
Digital Oscilloscope I v [ NN integer number of acquired cycles. In order to observe the
(LeCroy 9400A) v harmonic distortion of the current waveform, the imple-
[ Data Acquisition Unit oltage ; mented software presents a harmonic analysis of this
(Fluke Hydra 2620A) ' : waveform and its total harmonic distortion (THD).
Personal Computer
(LabVIEW software package IV. EXPERIMENTAL RESULTS

Figure 3. Automated system for winding loss measurement and validation of In order to Ve”fy the accuracy of the deveIOped models,

the developed models. tests were performed on several transformers through the
described measurement system. It must be pointed out that
I1l. M EASUREMENT SYSTEM the expressions to calculate the effective resistance of

windings of foil conductors through the thin layer and the

Fig. 3 presents a block diagram of the implemente@rthogonality models are, in fact, identical.
system for winding loss measurement and effective pa- To take into account the basic assumptions of these
rameters calculation. In this case, a power amplifierinodels and to permit a fair comparison between measured
whose bandwidth is 10 kHz to 250 MHz and maximumvalues and the values computed using a two-dimensional
output power is 35 W, is used. In the case of high curredtDM software, it would be theoretity desirable to use
and low frequency sine wave excitation, an assemblage @hgapped pot cores and windings of foil conductor to
ac-dc and dc-ac static converters and a current trangenstruct these transformers. However, besides the diffi-
former replaces the power amplifier. In this assemblag&ulty to accommodate the breakout of large foil conductors
the maximum frequency is 1,600 Hz and the current caift pot cores, the low effective impedance of such windings
be as great as 100 A. The component under test is wouaduld jeopardize the measurement accuracy. On the other
as an N:N transformer, whose windings are series cofrand, concerning the design optimization of the compo-
nected and wound in such a way that the magnetic indudent, it is sufficient that the models accuracy be verified in
tion in the core and, therefore, the core losses, can Be region where the windings optimization can be
neglected. achieved. Therefore, it is sufficient that the relation be-

A specific software, based on the virtual instrumentween the equivalent-foil layer thickness and the skin
concept [6], was developed to perform acquisition, analydepth be in the range from zerort¢3].
sis, and presentation of the measurement data; instru-Fig. 4 shows a schematic representation of a component
ments and measurement process control; and output daviih single layer windings of copper foil conductors,
computation and presentation. The computer communwhich, theoretically, satisfies the referred assumptions and
cates with the instruments through a GPIB interface. Thithe limitations of the low frequency and high current
software requires, among other data, the frequency rangagasurement set up. Its core is constituted of 52 pairs of
the number of frequency sweeps, data about the windimgpres EE 55/55/25 with each pair ungapped and coupled
(dc resistance at ambient temperature, number of layeside by side with another, and whose magnetic material is
and turns per layer, mean turn length, insulating thickthe 3C80 ferrite grade (Philips). Table | gives the basic
ness) and its conductor. By using actual values of fredata about the foil conductors, whose dimensions fill in
guency and temperature, this software allows the comp@most all the core window area. The insulation thickness
tation of: a) the effective leakage inductance, using this equal to 0.1250 mm. The voltage measurement termi-
thin layer model; b) the effective resistance, using eithenals were inserted next to the core, so that the effects of
the thin layer or the orthogonality model; and c) the rethe effective parameters of the termination are minimized.
spective experimental results associated with each windror the current measurement a Tektronix A6303 current
ing of the component under test. Furthermore, it can kgrobe was used. The measurement process was carried out
applied to windings of either foil conductors, or solidin a frequency range from 60 Hz to 1,500 Hz. The THD of
round wire, or litz wire. The experimental effective pa-the current waveform decreased from 8.0 % at 60 Hz,
rameters are obtained by using the acquired data and basieere its amplitude was about 95 A, to 1.5 % at 1,500 Hz,
relationships of the theory of electrical circuits. These datawhere its amplitude was about 35 A.
are constituted by the terminal voltage and current of the The results obtained for the ratio between effective re-
winding and its temperature. The current waveform isistance and dc resistance, and for the effective leakage
sensed through a current probe or, in the case of low cunductance of the innermost winding are illustrated in Fig.
rent, it can be determined from a voltage measurement at This figure shows that the results obtained by using the
the terminals of a current- sensing resistor (CSR). Theeferred models are fairly close to those obtained by using



either the two-dimensional FDM software or the meas- Table I. FoIL CONDUCTORSDATA.
urement system. The maximum percentage errors in the | Conductor Length [ Width Height Rdc
thin layer model relative to the experimental data are 6.2 (m) (mm) (cm) (mQ)
% in both cases, although occurring at different frequen- |_nnermost 3.035 5.65 425 0.2032
. . : . Outermost 3.075 5.65 4.25 0.2059
cies. The results obtained for the ratio between effective

resistance and dc resistance of the outermost winding arﬁ tive leak induct Th Ivsis of th It
qualitatively similar and show a maximum percentagee ective leakage inductance. 1he anaiysis of tnese resufts
error of 4.5 %. However, due to the excessive noise in tthUSt be conducted only from a qualitative point of view,

voltage waveform, the results obtained for the effectiveNCe the thickness of the insulation layers was considered

leakage inductance of this winding were not considere R . : . .
g g uctance of a winding increases linearly with this thick-

valid. ness, independently of the frequency. Therefore, by con-
In order to verify the accuracy of the developed models.”; ! P y Ol q @ lore, by
idering the actual thickness of the insulation layers, a

in predicting the effective resistance of windings of soli(f) .
P -ting . g -better agreement between the results obtained through the
round wire, twelve transformers were built and tested, siX . .
in layer model and those obtained by using the meas-

of them with EC 35 cores and the other six with pot 422 ment system would be obtained.

. . e
corgs. In both cases, the magneuc.materlal was the 3Q%The results obtained for the others transformers tested
ferrite grade. Each of them was built carefully, so that its

T . . . . are qualitatively similar. It is particularly noteworthy the
two windings were practically identical, although having . -
resonances occurred in some cases due to the windings

different number of layers and wire diameter from the . : ) .
. - arasitic capacitances. The resonant frequencies, which
others. It must be pointed out that the conditions under .

. , were determined through a network analyzer (HP8753D),
which the effect of curvature can be ignored are respecte ) .
in all cases were suppressed by using a copper foil between the central

Figures 6 and 7 show the results obtained for eaC%olumn of the core and the innermost winding layer.

winding of the transformers built, respectively, with an
EC 35 core and two-layer (56 turns per layer ) windings,  3.75-

qual to zero. According to (4), the effective leakage in-

Fe/Fde

whose bare wire diameter was 0.3200 mm (28 AWG), and  3.50- .
with a pot 4229 core and three-layer (25 turns per layer ) Experimental | ™ 7
windings, whose bare wire diameter was 0.6426 mm. The 300-| Thin layer e

measurement process was carried out in frequency ranges

from 10 kHz to 500 kHz and from 10 kHz to 140 kHz,
respectively. For the current measurement a Tektronix  2.50-
A6302 current probe was used and the THD of the current
waveform was negligible in both cases. The voltage meas-
urement terminals, constituted of coaxial connectors, were
inserted next to the core for the same reasons described
before. 1.50-

Figures 6(a) and 7(a) show that the results obtained for

Firute Difference

2.00-

the ratio between effective resistance and dc resistance, by -l | | | | If':HZJ _
using the thin layer model, are fairly closed to those ob- 1] 250 500 750 1000 1250 1550
tained by using the measurement system. The percentage @)

errors relative to the experimental data are less than 10 %

and 15 %, respectively. However, the results obtained 18000~ Le (nH)

through the orthogonality model show that this model 170.00-
leads to inaccurate predictions for the effective resistance. 14000-

Experimental
Figures 6(b) and 7(b) show the results obtained for the Thin layer T

150.00-
Short circuit 140,00 -
¢ 34—149.5 cmA———p 130.00-
E \ 120.00-
> ol . 8.5 cm 110,00 -
< 100.00 -

T 3 5 a0.00-

Measurement terminalsSide by side EE cores S0 —
. |

H I 1 I I I [
_Ins_ulated copper foils 0 250 SO0 750 1000 1250 1550
Excitation terminals (b)

Figure 4. Schematic representation of the tested component with one-layigure 5. (a) the effective to dc resistance ratio and (b) the effective leakage
windings of copper foil conductors. inductance of the innermost winding of the structure in Fig. 4.
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Figure 6. (a) the effective to dc resistance ratio and (b) the effective leakagégure 7. (a) the effective to dc resistance ratio and (b) the effective leakage
inductance of each winding of the transformer built with an EC 35 inductance of each winding of the transformer built with a pot
core and two-layer (56 turns per layer ) windings. 4229 core and three-layer (25 turns per layer ) windings.
V. CONCLUSIONS show that this model leads to inaccurate predictions for

the effective resistance. However, the thin layer model, in

In an attempt to consolidate all of the preViOUS works |%p|te of its S|mp||fy|ng assumptionsi can be used as an
a generalized treatment, this paper introduces generalizggcurate tool for design optimization purposes. The accu-
expressions to calculate the effective resistance and thgcy of this model in predicting the effective resistance of
effective leakage inductance of a multilayer winding undefyindings of litz wire must be verified. This will be showed
non-sinusoidal current excitation. These expressiong, a future work.
obtained through the so called thin layer and orthogonality
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