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Abstract—The largest loss in an example litz-wire flyback transformer  former wound with litz wire. The application and the origi-
is found during current commutation between windings. In ordertore- gl design of the transformer are listed in Table I. We under-
duce this loss, a new optimization method is introduced. The new method took to i the desi fth indina t d | inth
optimizes strand size and number in litz wire considering cost and loss. 0OK10 Improve ; e eag_n orthe Wm m_g ore uc_e ossinthe
Unlike previous methods, it is valid with two- or three-dimensional field  transformer, taking cost into consideration. The first step was
geometry and with different non-sinusoidal waveforms in any number to evaluate loss in the original design and consider possible
of windings. The result of applying this method to the example flyback strategies to improve it (Section I1). As a result of this anal-
transformer is less expensive designs with lower loss, as confirmed by ex-~ ", . . T . .
perimental measurements. ysis, we ch(_)se_to investigate 0pt|m|z_|n_g the_ I_|tz-W|re strand-
ing in the winding as the most promising initial step toward
improving the design. Thus in Section lll, we study the opti-
mization of cost and loss in a litz-wire transformer winding,

ESIGN of high-performance magnetic components f@jimilar to the analysis in [11], [12]. However, our new analy-

high-frequency power converters poses many chajis can be applied to more general situations than can that in
lenges. In particular, winding losses at high frequency cgmi], [12], including the two-dimensional fields and different
drastically degrade performance. Some of the issues &én-sinusoidal currents gach winding that we are faced with
dressed by recent work on higrequency windings include in this design. The resulting new designs have been tested in

non-sinusoidal currents [1], [2], [3], [4], [5]; the effect of gapshe flyback converter and the results confirm the validity and
and the resulting two-dimensional fields [6], [7], [8], [9], [10].utility of the new technique.

[4]; modeling of losses in litz wire [3]; tradeoffs between cost
and loss [11], [12]; and mutual-resistance effé§1s], [4]. Il. EVALUATION OF ORIGINAL DESIGN

Flyback transformers entail particularly interesting mag- . I
netics design [14], [15], because all of these issues becomérhe squared-field-derivative (SFD) method [16], [4] was

important simultaneously, particularly if the transformer ighosen to evaluate the loss in the existing design because

wound with litz wire and is intended to be produced at IO\'/\tI accounts_ for disparate non-sinusoi_dal vyaveforms, inc_lu_des
cost. The waveforms are far from sinusoidal, and they dmutual-reswtan_ce effects, and, unlike direct use of f|r_1|te-
fer in both form and phase between different windings, ma lement a_maly5|s t.o ca!cul_ate eddy-currer_wt loss effects, it al-
ing mutual resistandean important effect. A gapped ferrite ows treating litz-wire windingaccurately wihout great com-

core is usually used, and the gap produces a two-dimensio?%ﬁat'on?l expense. The methOd. uses a set .Of simplified mag-
field, the effect of which must be evaluated and perhaps milagtostatlc finite-element simulations to obtain parameters for

gated. And both the cost and the loss in the litz-wire Windir%;lyn‘r"mIC loss matrix'D, which describes the transformer.
are strong functions of the diameter and number of stran

is matrix can then be used to calculate loss with any set of
chosen, making the choice of these parameters critical to bR

performance and cost.

I. INTRODUCTION

eforms from the expression

di
In this paper, we address just such a case: a flyback trans- P = [ % CZ_'tz ] D [ g ] (1)
dat

1Although highfrequency winding losses are often modeled by ac resis-

tance, ac resistance has no direct physical meaning and is only a wax,\merep is the total time-average eddy-current loss in both
normalizing winding loss to winding current. The ac loss occurring in an ¢

given winding depends more directly on the field impinging on that Windin\)j(/mdeS, and- indicates a time average.

than on the current flowing in it. The field can result from a combination Fqgr this design, we first found the valueDfaccording to

of currents in different windings, and depending on their relative phase(t]ng . . . s .
resulting field magnitudes may add or cancel. Thus the losses depen ﬁ method in [4] as listed in Table Il. Then, with idealized
the phase relationships between different winding currents. The loss cH&fangular current waveforms, we can calculate lossefmch
acteristics may be correctly described by a resistance matrix, including s¢jfne period, as is also shown in Table Il. The idealized tri-

and mutual-resistances, which may be frequency dependent [13]. For manﬁ | t f dinth lculati lect
transformers, the same effects may accounted for in a frequency-indepen ular current wavetorms used in the calculation neglect any

matrix by using the squared-field-derivative (SFD) method [4]. ringing near the transitions. As will discussed in Section IV, it
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TABLE |
CONVERTERSPECIFICATIONS ANDINITIAL TRANSFORMERDESIGN

Converter Specifications
Topology and Mode Discontinuous Flyback
Input 14V
Output 85V,04A

Switching Frequency 130 kHz

Initial Transformer Design

Primary Winding 7 turns, 100 strand lit3@x2); 0.1 mm strand diameter
Secondary Winding 49 turns, 28 stralitd; 0.1 mm strand diameter
Core Geometry: LP 27/13; Material: TDK PC44 MnZn Ferrite
Gap 1mm

TABLE 1l

LOSS CALCULATION IN ORIGINAL DESIGN USINGSFDMETHOD

_[ 342 0329 _13
D= [ 0.329  0.043 ] x 1077 os?

Time period: | Primaryrampup _ Transition to seadary  Secondary ramp down
Eddyloss: | 0.019 W 0.447 W 0.030 W

Winding DCresistance  RMS current
Primary 6 N2 4.65A
Secondary 200 ;@ 0.67A

Total resistive loss{_ 12,,.Rac) Totaleddyloss (1)  Total winding loss

rms

0.22W 0.50wW 0.72W

is best to consider ringing losses separately from the loss donelude interleaving of primary and secondary windings, or
to the ideal waveforms, considered here. changing the number and size of strands in the litz wind-
The loss breakdown by time period in Table 1l can be us#g. Interleaving would affect leakage inductance as well as
ful for evaluating possible approaches to improving the desigat winding loss. Reduced leakage inductance would reduce
One approach would be to consider the effect of the gap andsitgtching losses in the circuit, and would shorten the transi-
fringing field on the winding loss [15] and to consider changdi®n time. From (1), we can see that the resulting large values
in the design such as a distributed or quasi-distributed gap Pfldi/dt could increase winding loss at the same time that they
or an optimized winding shape [9], [10]. However, from Tareduce circuit loss. But a prerequisite to careful consideration
ble I, we see that the bulk of the loss occurs during the tra@f the tradeoffs between winding loss in the transformer and
sition between the two windings, during which the field in thewitching loss in the circuit is a careful optimization of wind-
gap is not changing significantly (Fig. 1). Thus, loss due i89g design, holding the circuit operation fixed. Thus, in this
the field of the gap is contained almost exclusively in the firgaper, we look carefully at what improvements are possible
and last time periods, and it constitutes less than 10% of tinghe transformer without affecting circuit operation; keeping
eddy current loss; the loss during the transition is of mud@akage inductance, and thus both switching losses and current
greater importance [14]. Thus, the first priority for improvtransition slope, constant.
ing the transformer is to decrease the ac loss associated with the following sections, we analyze the choice of strand
this transition. Note that the converter considered here opsize and number in the litz-wire windings. As shown in [11],
ates in discontinuous mode, which means that the field in 1], the stranding that minimizes loss is usually prohibitively
gap varies more than it would in a lower-ripple continuougxpensive, and often requires finer wire than is commercially
conduction converter. Therefore, there are higher losses asg@iilable. Thus, for an analysis to be of practical use to a
ciated with the gap field in this case than there are in maggsigner, it must also consider cost. However, the analysis
others, but even in this “worst-case” situation, the gap loss@s[11], [12] cannot be directly applied gbause it assumes a
are still small compared to the transition losses. one-dimensional field geometry and because it assumes equal
Possible strategies for reducing loss during the transitioarrents in the two windings. Thus we need to find a way
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Without dc current or mutual resistance effedis,and ;. are
equal; (2) is also an expression By in the simple situations
analyzed in[11], [12]. We can rewrite (2) in terms of the cross-

i — 2
sectional area of a strartdl; ; = d; ;7), as

N \ Fe=1+ ken?Agj 4)

wherek, represents constant terms of (2) lumped together. If
F, can, for some other situation, be expressed in a form identi-
cal to (4), the analysis in [11], [12] can be applied to optimize
cost and loss.

We observe that the analysis in [4] shows that the power
Fig. 1. Field strength in a quarter-cross section of the flyback transformisss due to eddy currents in any windirfg,, varies WithnA?

The rectangles are the two windings (center) and the core (left, top ﬂ ot :
right) with the gapped centerpost at the left. Plotted are contour Iinesa% d that the resistive power loss depends on the dc resistance

field strength from magnetostatic finite-element analysis. The left plot@&1d IS proportional tgnA,)~'. And sinceF, varies directly
for currentonly in the primary (inner winding) just before the switch turngvith P, and inversely withP,. as in (3), we have

off in the flyback converter, and the right plotis for current only in the sec-

ondary (after the primary switches off). The plotted lines are notfield lines

g

A2
or equipotential lines, but are contour lines of equal field strength, spaced Fo.o—=1 kl”] As,j (5)
by 4 kA/m, ranging from 4 to 40 kA/m. Higher fields are present in the @7 _ky
gap region but the 40 kA/m range is chosen for plotting in order to show njAs

the effects in the winding region. By comparing the two plots, one can ] )
see that the field in the region near the gap does not change significantiflere k; and ko are constants relating power losses to their
but the field between the windings does change. Because the field ’\‘??:E,pectiven and A, terms. After simplification (5) yields (4)

the gap changes only much more slowly, the fringing-field contribution to . . . .
eddy current losses is small. This was determined quantitatively from t}%lth ke = kl/k?' This shows that the more general situation

data in Table I, as discussed in the text; these plots are included onlyaazalyzed in [4] yields an expression for loss of the form (4)
illustrations, not as evidence of the relative magnitudes of different logg,¢ consequently the procedure in [11] [12] can be used to
effects. T ' . ’ .

optimize cost and loss. However, in order to implement the

o ~ optimizationin [11], [12], a value fok, must be calculated.
to extend the analysis in [11], [12] to more general situations g fing k¢, we equate (4) and (3); solving féF yields
such as those addressed by the SFD method [4].

I1l. DESIGN ANALYSIS ke = P};%Ag (6)

The analysis of litz cost and loss in [11], [12] is based on S

the ac resistance factoF,, = R,./R4., which can, for the This expression could be used to calculatefrom a com-

simple configurations addressed in [11], [12], be expressedpleted design to evaluate loss in that design. Note that while

2?12 N2n2 g k¢ is expressed in terms of and A, in (6), it does not vary

% (2) withthese quantities, due to the dependendé.aind P, upon
76820 them. Knowingk, at the beginning of the analysis prior to cal-

wherew is the radian frequency of a sinusoidal curreri the ~ culating values fon and A is often convenient when seeking

number of litz-wire strandsy is the number of turngl.. is the an optimal design. A procedure, based on [4], for calculating

diameter of the conductor isach strandp. is the resistivity k¢ Withoutn and A; is derived in the following section.

of the conductor).. is the breadth of the window area of the

core, andk is a factor accounting for field distributionin multi-A. Evaluation ot

winding transformers [17], [3]. To apply a similar approach to Reference [4] defines a loss coefficient, for each wind-

more general situations, we introduce a fadkbr analogous jnq ; dependent on the winding parameters. A modified loss
to I, but defined as the ratio of the actual losses to the 10S$@%fficient may be defined as

expected based on dc resistance:

) Nl
Pu, Pe,; ;= —d = v, @)
Pr,j =1 Pr,j (3) ! nin- 47Tp5

F.=1+

F.;= ;
where P, is the total power lost in the winding?. is the Here,?,, = N/{; and is the length of the entire winding. As
power lost due to eddy currents, is the loss expected basedshown in [4], P, can be found by establishing a dynamic re-
on dc resistancéP, = 12, R,.), and the subscript indi- sistance matrixD, containing transformer characteristics. In
cates quantities for windingjin a multi-winding transformer. the pursuit of finding:, independent of. and A, we define a
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modified dynamic resistance matiix = —2

where B]- is the magnitude of the field everywhere arisin
from the current in winding’ and <>; signifies the spatial
average over the region of the windirig In [4], the sum of ;|
the winding terms is used to calculate total loss; we now need
to f_|nd the Ipsses in individual windings in order to op_t|m|ze 4 P 20 e 0
their stranding parameters {and 4; ;), so we have defined Strand diameter [AWG]

the corresponding individual termi,; . The eddy current loss Fig. 2. Eddy loss factot, for optimal cost/loss tradeoff designs as a func-

can be related to the modified dynamic resistance matrix: tion of strand diameter. These data are valid for any geometry or fre-
quency, given the cost function modeled by (14).

nJAg,j. 1.8
~ 12 N N
2, TN 1.7+
. B By By - By
D= My = 12 =1+ 16l
By-By By |
A2 A, £15¢
B, B1 - By - g
~ Q
< | . o2 >p=>_;D; (8) Ei14
By-By  |Ba) g
13
=}
¢,

. . - diy
Pej=mn;AL;1 G CZ—E]DJ'[C%_E} ©)
dt cost variation which is proportional t6,,(d.)d?n. In [11],
The resistive loss can be written [12], a curve fit to manufacturers’ data finds a function that
can be used to approximats,,(d.)
P =2 R . Ir2ms,j£“’v]'p5 (10) © ©

g = trms,jitde,y — T T -

njAs j Cn(de) =1+ d—; + d—j (14)

Now it is possible to obtaik, using (6) and, as a consequence,
show the independence &f with respect to the number ofwhered, is in metersj; = 1.1 x 1072 mS, k; =2 x 107*
strands and their cross-sectional area, by dividing (9) by (107, andC,,,(d.) is normalized to a value of one for large.

A solution for the minimum cost at any loss and vice versa

nfjgé : is found in [11], [12]. The solution assumes (13) bigcause
he=5——— (11) it can be expressed in terms @f, (d..), is valid either for the
PITIEE particular cost function given in (14), or for any oth@r, (d..)
This can be restated as that might be substituted to represent cost for a particular man-
_ ufacturer or cost reduced by a new manufacturing technology.
[ diy  diy ] D. CZ—; One convenient way to express the result is in terms of the
. e dt 7 e 12) optimum eddy current loss factdt,
¢ = .
Igan,jewyij 1
Fecorp(de) =14+ —=—~ 15
B. Cost/Loss Optimization or(de) 1— %ﬁi (15)

With a value ofk, calculated, the analysis in [11], [12] can ) . ) . .
be applied almost directly to optimize cost and loss. The anglQr the particular cost function given in (14), the result is plot-

ysis assumes that the cost of litz wire can be approximaté in F_ig. 2 and "St?d in Table .”I' This solution is valid if
described by the available space in the bobbin window does not preclude

the design implicitly specified by (15). Where window space
Cost = (Co + Cp(d,)d*n)e (13) becomes a more important constraint, the detailed analysis of
area tradeoffs in litz wire discussed in [3] would become im-
whereCj is a base cost per unit length associated with thp®rtant.
bundling and serving operatiors,, (d.) is a cost basis func- ~ Given an optimal value of, for a given strand sizd;. ¢,
tion proportional to the additional cost per unit mass for #he number of strands can be found from (4), and then the cost
given strand diametet., n is the number of strands, arids can be found from (13) and the total winding loss can be found
the length of the wire. For the purpose of optimization with tom eddy loss (9) summed with resistive loss (10). If these
fixed winding length, we can ignor&,, and consider only the calculations are repeated for a range of different strand sizes,
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TABLE I C. Software Implementation of Calculations
PARAMETERS FOUND FOR OPTIMAL COSTLOSS DESIGNS USING
STANDARD STRAND SIZES GIVEN THE COST FUNCTION The calculations described above have been implemented
MODELED BY (14). in the MATLAB language, in a program capable of handling

any number of windings. A user interface is currently being

Strand gauge  Relative Relative F. for optimal developed for this program.

(AWG) cost loss cost/loss tradeoff
32 0.031 9.4 1.045
a 0.049 6.22 1068 IV. APPLICATION TO FLYBACK TRANSFORMER
36 0.079 4.14 1.104 . . . .
3 0.131 280 1161 The method described in Section 11l has been applied to the
jg 0624354 i-gg ig;‘g transformer described in Table I. The resultis a range of possi-
44 1 1 1535 ble designs as listed in Table 1V, each with a different tradeoff
jg i-osg 8-21 isi’g between loss and cost, but often with substantial reductions in
50 46 0.48 1.737 both. One higher-cost design that theoretically cuts the loss by

more than half is also listed.
The designs listed all use the same strand size in both pri-
a menu of choices optimized for different cost/loss tradeo#%ary an_d secondary V_V'”d"?g’ l.)Ut use d|ﬁerent numbers of
. . strands in each. This is ordinarily the optimum solution, be-
will result. The preferred design can be selected from these

options based on the relative importance of cost and loss 28 it places both windings on points of the same slope

e ; on Fig. 3. For example, in a two winding transformer with
the application, or based on a valuation of the loss [12]. similar-size windings, if one winding used 48 AWG wire and

It is observed in [11], [12] that these calculations result ifhe other used 40 AWG wire, changing both to 44 AWG wire
identical curves of cost vs. loss for any design, if the resulg, 14 cut the total cost and cut the total loss, as can be seen
are normahze_d to the values for the Same wire Size. S_Udfr("j‘m the slopes in Fig. 3. This assumes that the winding height
curve, normalized to the 44 AWG results, is shown in Fig. & jimjted by cost and eddy loss, not by a full bobbin. If one
again based on the particular cost function given in (14). %inding had mostly low-frequency or dc current, and had no

ing this curve, one need only calculate the cost and loss of Aefie|q induced by the other windings, the size of that low-

optimum design (e.g., AWG 44) in order to find the scale fagzoqency winding would be determined by the available bob-
tors for the axes of Fig. 3, and then select from the choice

X i : i ) Sih space, not by the considerations discussed hergodsl
displays. The corresponding data is also listed in Table ll. fugi0n procedure is to start by analyzing the optimum cost/loss
flow chart for such a design procedure is given in [11], [12]. yesjgns as described here, with the same diameter of strands
in each winding, and to mismatch strand sizes only if some of
the designs produced do not fit on the bobbin.

Prototypes of each of these designs were constructed and
tested in the flyback converter. Because the improved designs
call for using a smaller volume of wire, space is gained, allow-
ing some freedom in how the windings are placed in the win-
dow. If the windings remain immediately adjacent, their lower
height leads to lower leakage inductance. Thisis advantageous
for the circuit, but it also leads to highéi/d¢ in the wind-
ing and thus to higher eddy-current losses. In this work we
wish, for the moment, to avoid consideration of tradeoffs be-
tween losses in different parts of the circuit. Instead, we wish
to leave the circuit operation unchanged. With the windings
spaced apart slightly, it is possible to keep the leakadad-
tance close to that of the original design, satisfying the original

‘ ‘ ‘ goal of not modifying the circuit behavior and only decreasing
01 1 10 100 the loss in the winding. Most of the prototype transformers
Normalized Cost were constructed to achieve near the original leakage induc-
Fig. 3. Cost and loss, normalized to an optimal cost/loss design using@1ce. To confirm the effect of leakage inductance, we also

AWG strands. This graph applies to any design in which the bobbinis nopnstructed some transformers with the windings closer to-

e oo o oot o st of futher apart. For design B, all hree possibies

loss design for that strand gauge:; rather, it represents the minimum-I¥4g€ tested, and are listed in Table V as B1, B2 and B3.

design at a given cost; the strand size used to achieve this is indicated. The performance of the prototypes was measured in the cir-

10

Normalized Loss
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TABLE IV
POsSSIBLEDESIGNS ASCALCULATED

Design Strand Strand Number of Strands Relative Loss
Gauge Diameter Wire Cost W]
[AWG] [mm] Primary  Secondary Estimate
A (orig.) 38 0.1 100 28 100% 0.72
B 40 0.08 84 14 43% 0.64
C 42 0.063 210 36 83% 0.45
D 44 0.05 500 85 185% 0.34
TABLE V

EXPERIMENTAL MEASUREMENTSWITH NEW DESIGNS

Design Leakage | TemperatureRRis€’lC]  Estimated loss [W]

Inductance | winding core | copper core total
A 0.26H 37.7 23 1.02 0.39 1.41
B1 0.18uH 46.6 25.9 1.15 0.37 1.52
B2 0.25uH 38.7 20.8 0.85 0.41 1.26
B3 0.39uH 49 28.2 1.24 0.36 1.6
C 0.23uH 34.8 21 0.79 0.42 1.21
D 0.28uH 26 234 0.79 0.39 1.18

cuit, and with out-of-circuit sinusoidal ac-resistance measurariginal design, but the estimated reduction in winding loss is
ments. Previous work has confirmed the validity of the SFanly 23%.

method in predicting ac-resistance measurements [4], SO Werhe experimental results confirm the utility of the new
focus here on the in-circuit results. Performance was evafethod for producing new designs that reduce loss without
uated by measuring in-circuit temperature rise, listed in Tgrcreased cost, or even with reduced cost. However, they
ble V. Winding loss was estimated using measured tempefgaye open questions about why there is a discrepancy between
ture rise and thermal resistance (measured using dc excitagigg expected and actual temperature rise. Although the ther-
of the winding). The thermal model assumes that the winga| model used was greatly simplified, attempts to account
ing temperature rise is determined by the total core and wingy the discrepancies using more complex thermal models of
ing loss power flowing through this single thermal resistancge transformer did not indicate any plausible possibilities.
Note that, because of the different sizes of the windings, thgywever, a more complex thermal model of the overall con-
thermal resistances for each design differ. This explains t{3&ter might explain higher-than-expected temperature rise in
different trends in the winding temperature rise and windinge transformer, if there was significant heat conduction from
loss columns of Table V. Core loss was estimated not froginer lossy components, such as the power MOSFET, into the
temperature rise but from out-of-circuit measurements of cof@nsformer. In the experimental prototype, the transformer

forms. Any dc-bias effects on core loss were ignored. order to minimize this effect.

The experimental results consistently show higher temper-Another possible explanation for discrepancies between
ature rises than we would predict based on the predicted Iab®oretical and measured loss is that ringing in the primary
However, the trends are as predicted, both in that the newrrent waveform during the turn-off transition, not accounted
improved designs are confirmed to have both lower loss aftdt in our ideal triangular waveforms, increases the loss in the
lower temperature rise, and in that the low-leakage desiginding. For example, if the MOSFET is considered an ideal
has increased loss compared to an otherwise-equivalent slgitch with some parallel capacitance, the leakage inductance
sign with the original leakage inductance. The experimentalyill ring with the capacitance when the switch turns off un-
confirmed advantages of the new designs can be summaritikthe energy originally stored in the leakage inductance is all
as follows: Design C cuts the loss by 20 to 40%, with simdissipated in the winding resistance. The resulting loss would
lar or slightly decreased cost, compared to the original desidgre on the order of 2 W, independent of winding resistance.
Design B2 has loss about the same or a little lower than thidtus, even a small fraction of this energy being lost in the
of the original design, but it is estimated to cut the wire costinding could account for much of the discrepancy. It would
in half. Design D exceeds the original cost, but is intended b possible to include a more detailed current waveform, in-
cut winding loss to less than half that in the original desigeluding ringing, in the calculation of, (12), but it is not, in
It does in fact have low losses, but they may not be as low fa&t, advantageous to do so, because the optimization would
predicted. It has the lowest temperature rise, 30% less thantien falsely indicate that the winding resistance could affect
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this loss, when in fact the loss in a ringing process depends
only on the initial energy in the ring, not on the rate at whicp;
it is dissipated. Further measurements are needed in order to
determine whether the magnitude of this ring energy is suffi-
cient to explain the observed discrepancies. Another possifale
partial explanation is the difference in core losses between the
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