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step calculation design procedures, a simple method 

useful to adopt the most suitable topology in low power 

DC to DC conversion is derived from the volume 

calculation of the magnetic cores needed. 

Index terms - Low power magnetic components, switching 

power converters, flyback and forward magnetics design. 

NOMENCLATURE 

peak value of the induction 

induction minimum value 

duty-cycle factor 

switching frequency 

window filling factor of the primary/secondary 

coil (also known as copper factor) : 

Fepis = Meis Scups [Sws 
voltage form factor 

partition factor of the primary windings : 

Fp =Sy, [Sw 

power switch profit factor (or power device 

utilization factor) 

total winding eddy currents factor 

window factor :  Fy = Sy /S, 

average value of the inductor current 

effective value of the inductor current 

peak value of the inductor current 

average value of the primary current 

effective value of the primary current 

peak value of the primary current 

core sizing characteristic converter topology 

coefficient 
effective core shape factor 

skin effect factor 

proximity effect factor 

geometrical core shape factor 

transformer utilization factor 

inductance of the smoothing inductor 

Rae 

RV5w/FB 

Rg 
Seu, 

Scup 
Ses 

Sas 
Sre 

Sreo 

Sregy 

Sre, 

Srerrw 

air gap 

average mean turn length 

mean turn length 

effective magnetic length 

primary turns 

secondary turns. 

winding losses 
device rated switching power 

core losses 

converter output power 

a.c. resistance 

d.c. resistance 

total forward core volume to flyback core 

volume ratio 
thermal resistance 

inductor wire cross section 

primary wirc cross scction 

secondary wire cross section 

heat dissipation surface 

minimum core section 

effective core section 

flyback core section required 

inductor core section required 

forward transformer core section required 

window area 

primary window area 

secondary window area 

power swilch conduction time 

core volume of the flyback coupled inductor 

(usually named flyback “transformer”) 

total volume occupied by the cores of the 

forward converter 

core volume of the smoothing inductor 

core volume of the forward transformer 

primary supply voltage 
penetration depth 
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AB maximum induction increment 

si normalized amplitude of the inductor ripple 

current 
Sip normalized primary current variation 

n converter efficiency 

(o] magnetic flux 

M, magnetic field constant 

Mo relative static permeability (derived from the 

static magnetization curve) 

P conductor resistivity 

o inductor current density 

op primary current density 

1. INTRODUCTION 

In DC to DC converters and off-line switching power 
supplies for low power applications, the most used 

topologies are the flyback and the forward converters [1]. 

The flyback structure has the advantage of requiring only 
a single magnetic component. This one, if designed for 

minimum  size, results smaller than the overall volume 

occupied by both the smoothing inductor plus the power 

transformer of the equivalent forward converter. However, 

when the flyback coupled inductor size is minimum, the 

profit factor of the power switch becomes poor [2][3]. If an 
improved profit of the flyback power device is required, it 

results mandatory to supersize the magnetic component . So, 

a trade-off arises between the core size and the rated 

switching power (maximum theoretical switching power) of 

the power transistor [4]. The better the profit factor, heavier 
the magnetic cores become and this apply to both topologies 

here compared. Nevertheless, the required core volumes 

result from different laws, so for a wanted profit factor, one 

topology will be the most suitable regarding the core weight. 

In this work, the total magnetic material volume required 
for both alternatives are computed and related. The 
comparison criterion is stated as the ratio of core sizing 

approximative equations, which become justified by the 
closed matching with results obtained using manufacturer 

design data and recommended procedures. 

Derivation of some equations involved on design 
procedures are presented in appendices (including some 
application examples agreeing with manufacturer data). 

In order to compare topologies, first, the required core 
sections are obtained and then, the core volumes are 

computed assuming identical core shapes for all the magnetic 

components involved. 
Finally, the volume rate is plotted to bring an easy method 

to know wich topology will be the lightest. 

II. FLYBACK CONVERTER 

A. Basic flyback circuit 

Fig. 1.a depicts the basic circuit of a flyback converter and 

fig. 1.b shows the corresponding waveforms. From fig. 1.b it 

may be defined : 

AMp=1, —l (2.1) 
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Sip=Apfl, @2 
D=1./T (2.3) 

and from the current waveforms it follows : 

Ip, =DIp (]*5”,) (2.4) v s 2 

Iy, =AD 1, 23 
Then, the output power is : 

i 
Py=nPp=nVp I, =r;D[l—TP]VP Ip. (2.6) 
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Figure 1 : Flyback converter, (a) basic circuit, (b) basic 
waveforms. 

B. Core sizing 

The primary current density is : 

IPA 5 
op= @.7) 

Scup 

where Sr,, is the cross section of the primary wire that 

must verify : 

Sew = Fp Foy Sy [np ex) 
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In accordance with the Faraday law : 
AB 

Vp=np—>Sg 29 
'c 

where, AB=B,,. —B,, and 

Bra = Fn 1y, .10 
I, + —Fe 

Hrs 

because usually : 

l >>re [ 1y 
where ,, is the relative static permeability. 

By a similar way, 

Asg%n,, NA @11 

Relating 2.10 and 2.11 yields : 
AB AN 

=—t =i, (2.12) 
Brax  1#,, 

using this equation (with the simplified notation 

B, = Bn ) the expression 2.9 yields : 

Vp=np dip Bm%sn, @.13) 

With egs. 2.5,2.6,2.7, 2.8 and 2.13 , using the window 

factor definition / Fy =Sy, /S, . itresults : 

= vD PO 

Skery _Glzs.,) í ) Ynsir B, S or by Fp Fy 
where, 

(2.14.2) 

(2.14.b) 

For all the possible values 0<dJip <1 it results 

1< G(ou,,) <1075 , so the expression 2.14a may be 

simplified assuming G(ou,)) =1. 

To complete the design, it is necessary to adopt the 

partition factor of the primary windings (see section IV), the 

primary current density (section V) and the maximum value 

of the induction (Appendix I). 

1. FORWARD CONVERTER 

A. Basic circuit and transformer core sizing 

The typical circuit of a forward converter is presented in 
fig. 2.a , while its waveforms are depicted in fig. 2.b . The 

equation of the primary voltage becomes : 

B, 1 . 
Vp=np—-Sgp=—np B, [ Sk 3.1 

te D 

from which, the sizing equation results : 

Sremv 62) 
where it may be approximated 

) 
as it was done with flyback converters. 

The equations 3.1 and 3.2 are particular cases of 

generalized expressions valid for many other converter 
topologies (Apendix II). 
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Figure 2 : Forward converter, (a) basic circuit, (b) basic 
waveforms. 

B. Inductor core sizing 

The effective value of the inductor current can be 
expressed as : 

11,=01Sew, =0, F. Si:aL F. FWSF—"L (3.3) 
n nh 

On the other hand, 

n @ "1 B, SFeL 

iy, 
Using eqs. 3.3 and 3.4 : 

(3.4) 

Lty Ly, Sp, = (3.5) 

From fig. 2.b it follows : 
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1 
T =i À 3 G.6) 

1, =1, (1 fl) (37) a max 2 

and then, the output power results : 

ns ( ôi,_) 
Py=Vol, =—D1-—=|VpI 3.8 o=Volu, =3 AL BS 

During the interval 0<¢< D T it must be 

5y v 219 
nh DT 

that may be expressed as 

n LS . 
1-D)E="2— ,, 6i (3.9 (1-D) n Dy e i ) 

Substituting egs. 3.6 , 3.8 and 3.9 in 3.5 , yields : 

1-D) P, 
Srer = si (1-D) Po (3.10) 

w 

as previously stated , it may be aproximated 

=1. Also, it can be assumed that ói, =óip 

provided that the magnetizing inductance be large enough. 

In order to complete the design, the air-gap and the 

winding turns must be determined, which may be done by 

several graphical [S][6] or analytical methods [7]-[9][11]. 

e 

IV. PARTITION FACTOR OF THE WINDING AREA 

Optimal partition factor : 

The optimum is defined as that value which minimizes the 
winding losses, given by 

2 2 
FPew = Peup + Feug =15, Reup Fs Reus .1 

where, the winding resistances are 

lo 
Reup = Pegy NP Ê (4.2.2) 

Scup 

Lems 
Reug = Pegg s (4.2.b) 

Scug 

and, [, are the primary and secondary mean turn 

lengths, while p,,,  are the equivalent resistivities of the 

primary and secondary conductors, taken into account skin 

and proximity effects [7][8][12][13] : 

Pegprs = Frpg Peu (4.2.0) 

Fs = kisps + hxps (4.2.d) 

being k'ªm the primary and secondary skin effect factors 

and k,x,,, the proximity factors (Appendix IID). 

The conductor sections are : 

N 
Scup = Fp E =E (4.3.2) 

np 

S 
Scug = (1= Fp) E E (4.3.b) 

ns 

where, F, epis Aare respectively, the fill factors of the primary 
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and secondary coils, while Fp is the partition factor of the 

primary windings defined as the ratio between the window 

area occupied by the primary winding and the total window 

area, Fp =Sy, /Sy . 

Substituting the egs. 4.3 into eqs. 4.2 , then the result into 

4.1, and considering both 

nplp, =ngls, and Sy=FySp . 

2 2 ( I 00"y lemsEs/Er) 
F 1= Fp) 

(4.4) 

On the other hand, the current densities in each winding 
are : 

op=1p, /SCM,. and oy =15, /SC“Y . 

that related give : 

or f [L R 1] 
95 F \Fp 

Considering the common winding techniques, two 

alternatives will be studied. 

(4.5) 

1. Shared coil-former windings 

In this case : /, =1l,, so.theeq.4.4 becomes : 

te a VLS| 
Fy Sm |E, Fp Fop (=Fp) < 

(4.6) 
The optimal partition factor will be the one which minimizes 
the copper losses given by eq. 4.6 . Thatis : 

1 

emp = lems 

2 2 Pou = Pegy T 1 

F = a 
14+ 2S 

Fes Er 

o &s By “38) 
s F. F, 

For the particular case when F., =F,, and F, =F, 

it results : 
1 Fr, =5 (4.9.2) 

and 

cp=0g (4.9.b) 

In such a case, the Joule losses result : 
41, 

Peu = Pegy I, p E 410 o= Py l 1 g (4.10) 

Detining the equivalent turn factor : 

F. F, E 
F,e=ll+ e PZ (4.11) 

2) F (1-F) F, 
the eq. 4.6 may be rewritten as : 

2 2 Fie lom Pey=2pey, Ip, > np (4.12) 
' SN Fp F. Fy Sre 
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where, according to eqs. 4.2.c and 4.2.d . it is 

Pegp = (k,»s, + lw,)ºa. 

2. Stacked windings 

In case of superposed winding sections (for example 

secondary over primary) the mean turn lengths become 

different and will depend on the the primary partition factor 
adopted. For the core of fig. 3.a , according to fig. 3.b , the 

sectional mean turn lengths will be : 

lmp =2A+B)+7Cp (4.13.0) 

Lons =2A+ B)+27 [c- C7 j (4.13.b) 

where : 

C=Cp+Cs (4.13.0) 

ta 

n 

(a) 

. C ' lemp —— 
(primary) i 

Lemg - 
(secondary) 

B 

c T 

Cs X 
i i 
A 

) 

Saisre 
Saisg, = 2lx €+ A)H+C)+CA] 

Saisg, = 2{(A+B)[2(A+C)+H]+AB} 

(©) 

Figure 3 : E-type core, (a) dimensions, (b) mean turn lenghts, 
(c) dissipation surfaces. 

Defining the average mean turn length as : 

20 

em = 3l + o) (4.14) 

and using the eq. 4.13 , the definition 4.14 may be expressed 

as: 

L, =2(A+B)+nc+%(cpfcs) (4.15) 

For Cp=C, the average mean turn length coincides 

with the single section mean turn length, defined by : 

lm = ’f«v]C,,:Q =2A+B)+7C 

and from fig. 3.a , the following geometrical coefficients are 

defined : 

(4.16) 

F,=H/C (4.17.a) 

and 
F,=B/A (4.17.b) 

The primary partition factor is : 

N p =/ 2E “.18) 
Sy C 

where C may be expressed by , 

C= ;—W Sk (4.19) 
h 

Using eqs. 4.13.c , 4.16 , 4.18 and 4.19 , the eqs. 4.13.a 
and 4.13.b may be expressed as : 

Loy = Lo =7 [ (1= Fp )S re (4.20.a) 

FW 
long = lem *A ST Fp S e (4.20.b) 

h 

Substituting 4.20.a and b into 4.4 yields : 

/ 2 , 2 lem 
Peou =Pog, 1 n u = Pegp 1, p ! Fy Sre 

A[I—M(I—Fp) 14MF, [F,S]J @210 + 
F., Fp F. U-Fp)\F, 

where : 

F, 
M =E |E s (4.21.b) 

lm V Fy 
The expression 4.21.a has a minimum for : 

Fp = [ D (4.22) 

E(A 
therefore , from eq. 4.5 , the optimal current density ratio is : 

1+M)(F 

v 
For square section scrapless lamination cores, with 

F. =F,, and F, = F, the optimal values are : 

o 
s F ( cp 

(4.23) 

Fp =043 and oot 
Adopting these values P, becomes 28 % 

oplog =134 . 

lower with 

respect to the case corresponding to stacked windings 

with Fp =05 and op =0g . Nevertheless, adopting 
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Fp for minimal losses implies , as disadvantage, one 

higher current density in the inner winding , which has the 
worst heat transfer capability. By this reason , equal current 

densities are often adopted , even if this selection leads away 
of the optimum value from the winding losses point of view. 

In a similar fashion as done with the shared coil-former 

case an equivalent turn factor ( F, ) may be defined 

keeping the Joule losses still given by eq. 4.12 . For this 
purpose it must be : 

F., E, Fp(l+ M Fp) s —M(1-Fp)+ 4.24. 
() FE () | 

(where M is defined by 4.21.b). 

For the particular case with F., = F., and F, =E , 

adopting Fp =05 yields : 

F, (4.25) 
For square section scrapless laminations  with 

Fp =Fp, itresults: F, =084 . 

For E ferrite cores with the following typical dimensions : 

A=C ; B=15A ; H=I15A 

one obtains , 

Fp Popt =04 and F,!]FP =077 

(always with F, =F,, and F =F, ). 

V. CURRENT DENSITY ADOPTION 

A. Thermal considerations. Dissipation of losses 

For temperature rises ranging about 50 °C , assuming an 

ambient temperature of 40 °C , the power dissipated by 

radiation may be estimated as : 

Pi 
Sasfoê] 

(linear approximation obtained from the Stefan-Boltzmann 

[15] equation assuming an emissivity coefficient of 0.8). 
On the other hand , the power dissipated by natural 

convection may be approximated through [15] : 

=7.08 M0hc (5.1) 

P a17 a1 s 2 ] 

du[ml] 

(valid for bodies with dimensions smaller than 0.5 m). 

Therefore , the total dissipated power is : 

Plw, 

(5.2) 

[708+217 20> 1A% 

and always assuming A& =50°C , the above equation leads 

to the estimative expression : 
P 

AB[UC] =00778 = 780fl (5.3) 
S idn S iden? Ju[m ] du[cm ] 

(linear equation valid only in the near range of 

AG =50"ºC , rising over 40 °C ambient temperature). 

In case of E type cores the surface of heat dissipation is 
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composed by one part corresponding to the coil windings 

S, and other one S, concerning to the core. For 

example, for square section scrapless laminated cores , from 

fig. 3.a and c , one obtains : 

Saisca =(3+27)A7 , S, =145 A7 

and the total dissipation surface becomes : 

dises 

Si = Saisey * Saisp, =(195+27)A% =258 A7 (5.4) 
Defining the thermal resistance as : 

AO 
Ry =— 5.5 "= (5.5) 

from egs. 5.3 and 5.4 it results : 

R 30 (5.6) 0 1o T v - 
w/[ CIW] (A[cm]) 

This expression may be used to estimate the transformer 

temperature rise when the copper and iron losses cause 

similar rises. Notice that Sy, and S, are similar areas. 

Therefore, when the core and winding losses are similar, the 

temperature rise will be comparable , and the approximation 

made will be acceptable. 

In other circumstances , it will be suitable to verify the 

coil and core temperature rise separately, assuming isolated 

dissipations paths and using each kind of loss with its own 

dissipation arca. It should be cnsured that the highest 

temperature rise computed be lower than the maximum 

specified. 

The thermal conduction resistance between coil and core 

is usually high because the coil former is plastic made and an 

air filled gap lies between the coil former and the core central 

leg. 

Asusually P, and Pr, are similar, so they are Sy, 

and Sy, , the core and coil temperature rise become 

similar. Therefore, stated the thermal resistance is high, the 

heat conduction exchange between coil and core must be 

neglectible in a first trial approximation. 

Example : 
From the transformer thermal model [16] depicted in fig. 

4 , one concludes : 

Pey Roe, 7 Pre Rer, 

Rocure * Rog, * Ror, 

Utilizing a core E42-15 , with 230 turns of 0.60 mm wire 

the D.C. resistance results :  Rp- = 139 . 

Applying a direct current of 1.13 A the temperature rise 

measured was A9=26ºC when vertical mounted, and 

33ºC if horizontal mounted. Therefore, the average 

value A@=295°C will be adopted for calculation 

purposes. 
From equations deduced for S, , and S,,,,Fe 

Ry, =242°C/W and Ry, =176°C/W . 

From the model shown in fig. 4 (with Pz, =0 ) the total 

equivalent thermal resistance becomes : 

Peujre = 5.7y 
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R, = = (5.8) 100 ? 
“ U 1 Tnc' Rpe 

Roc,  Rocure * Ror 
from which : 

1 
R, =—"———-R (5.9) Ocurre 1052 Rpc 1 F 

A0 Ry, 
and using the above estimated values for Ry, and Ry , 
this gives Ry, =49.7°C/W . 

Assuming a typical case where Pg, = Py, = ;' .eq. 57 

yields : 

P, R, = R T R 
For — PXRocure * Roc, * Ror, 

thus, for the above experimental values, eq. 5.10 gives : 

Poure =0036 P, which allows, in first instance, to 

neglect the thermal exchange between the core and the coil. 

Ra, 7 ' 

Figure 4 : Thermal model of an open-core transformer 
(C, E , EC or RM type cores). 

B. Loss balance between core and coil [3] [7] [8] [14] 
The iron losses may be estimated by [6][12][18] : 

Pre=kro Sº B, Vro 61 
&=13 and 2<f<27 being 

B=2 for high permeability materials aimed for switching 

frequencies ranging from 20 to 40 kHz , and P =25 for low 

permeability ferrites suitable for higher frequencies. 

Depending on the switching frequency the material choice 

should be done using the loss charts available from ferrite 

manufacturers [6][9][10]. 
The copper losses may be expressed by eq. 4.12 

(with F defined by eq. 4.11 or 4.24 , depending on the 

winding structure). 

Obtaining n, from eq. AIL2 (see Appendix II) and 

substituting into eq. 4.12 , yields: 

where for most ferrites : 

2 

P 2 [Va/ Iz ] Felm — 1 Ka 
Cu = EPea b 
SSA ke £y f F. FySi' B, B, 

(5.12) 
The total losses are the sum of the core losses plus the 

windings ones , becoming a function of B,, which should be 

adopted looking for minimal total losses [14]. 
According to eqs. 5.11 and 5.12 : 

K, Pa = Pre + Po, = Krpe B, + >& (5.13) 

expression that has a minimum for : ' 

2K B2 = 0Ky, B 19 
which leads to the optimal condition : 

Peu =€Ph (5.15) 

Notice that only if B=2 then Fp, = Pz, which is the 

optimal condition. However, even if f=26 , the optimal 

values of Pg, and Pr, are not quite different. 

C. Current density adoption as function of temperature rise 

1. Transformers: General expression 

Assuming winding and core losses of the same order , and 

provided similar dissipation surfaces , the final temperatures 

will resemble. 

Therefore, given a high winding-core thermal resistance , 
the heat exchange will be small enough to assume that the 
windings will dissipate only through the air-exposed coil 

surface , this should be the area used for calculations 
( Sgis, ). According to the nomenclature of fig. 3.a : 

Saso, =Ax C+ AJH +4[% C?+A c] (5.16) 

With definitions 4.17 and eq. 4.19 : 

Sai 2+F, 
ª=2nnv[1+l+ FEn vó (65.17) 

Fe F, rz\F, F F, ] 

The effective value of the primary current may be 

expressed as function of the current density by eqs. 2.7 and 
2.8 as: 

See (5.18) 
np Trs =0p Scy, =0p Fe, Fp Fy 

that substituted into eq. 4.12 gives : 

Peu =2pg, P” Fop Fp Fy By Ly Spe (5.19) 
where F,, depends on the the winding structure (given by 

eqs. 4.11 or 4.24) , but in most cases adopting F. =1 may 

be an acceptable first trial approximation. 

From fig. 3.b , using eq. 4.16 yields /,,, , and utilizing the 

definitions 4.17 and eq. 4.19 it results : 

tm=[2(]+m+n F—'”J,/í (5.20) 
JE F, 

Substituting eq. 5.20 into 5.19 : 

Pe,=2pey, 67 Fer Fp Fw Fu' 
(5.21) 

[ 2+F, 
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(5.22) 

from which one obtains : 

x Fun i 
ºA ] =0,358 = 

[Ánm2 pª'»[;&cm] VEr B Fie 4 Sre[cml] 

(5.23.) 
where F,, is a core geometry dependent factor : 

F, (5.23.b) 

For example, for square section scrapless lamination 

cores, assuming a temperature rise of S50°C and 

Pegp =20 Qcm , the following estimative expression is 

obtained : 

5 

GP[%mZ] Í m 

classical empirical formula well known by craftsmen, where 

Aiis the central leg width. 

2. Ferrite made chokes 
In this particular case, it is possible to find from 

manufacturer tables Ag such as : 

Rou = Ag mº (5.24) 
Usually AR]O.S is  specified as the Az  value 

correspondingto F. =05 [6]. Therefore : 

4elos Ag = . (5.25 R F ) 

The copper losses may be estimated by : 

P, =1,% Re, =0 S0, Ag R (5.26) 
where : 

Se =E W _p g, Sk (527) 
n n 

Substituting 5.25 and 5.27 into 5.26 yields : 
2 F, 

Pe, =0’ S’ By’ > Arlos (5.28) 

Neglecting the iron losses (respect to the copper ones) it 

may be assumed that : 

o = 89/Ro,, 
Equating expressions 5.28 and 5.29 yields : 

(5.29) 

2 AB[nC] 

te s o 
(5.30) 

Notice that eq. 5.30 do not consider the resistance rise due 
to both the skin and proximity effects. In most choke 
application cases, this is not important because the D.C. 
component is the main harmonic current component. 
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VI. VOLUMETRIC CORE COMPARISON BETWEEN 

FLYBACK AND FORWARD CONVERTERS 

A. Volumetric ratio 

The volume of a magnetic core is related to the effective 

length by , 

Sr , 

—’] Srelre =kg Spelee — (61) Vre =SF€,/ Lre =[ S 
Fe 

and the magnetic length is related to the geometric minimal 

core section by, 

Ire=ks x/í (6.2) 
which yields : 

Vi =ke ks Sp ? =kse Su (6.3) 
where : 

kse = kg ks =Sre,/ /lre N/Ç 

For scrapless laminations k; = 1 and kg = 6 so 

kgg = 6 , while for ferrite E cores k.; usually lies 

between 5 and 7 [6][10] (as it may be calculated from core 

manufacturer data). 

The required core volumes will be compared assuming 

equal shapes and proportions, so with the same kçg . 
The total volume occupied by the cores of the magnetic 

components of a forward converter is : 

Vit = Voo * Vic 
Then, the volumctric ratio for converter comparison may 

be defined as : 

Vi Vi * Vo 
RV = (6.4) 

Fery Vrera 
Substituting the aproximative form of the sizing equations 

2.15 , 3.2 and 3.10 in the expression 6.3 and replacing the 

results in 6.4 yiclds : 
34 

Voo 1-D o 
RV 2— = 50,7 1| ufl,# (6.5) 

rern D U 
The most commonly partition factor adopted is 

Fp =05 . Assuming this partition value and o, =0, , 

the volumetric ratio is shown in figs. 5.a and 5.b with 

parameters D and óip for n=1. Obviously, when 

RV pp <1 the forward topology must be preferred. 

B. Power switch sizing considerations 

The profit factor (or power utilization ratio) of the power 

device is defined as : 

where P, is the maximum available output power of the 

converter and P is the rated switching power for the 

power device. The profit factor becomes better in continuous 

operation mode and it may be easily demonstrated that for 

both topologies it results : 

f =n D(I- D)(l ——) (6.6) 
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The profit factor becomes maximum when D=05 . In 

this case, if 7 =1 the former expression yields : 

_1( Sip 
fm z( %) ©n 

Substituting 6.7 in 6.5 , for Fp - 05 : 

4 n 
RV = [z(l —4f,")] +2º (68) 

In accordance with 6.6 it must be : 

1 1 2<f,<- 6.9 3 fm 7 (6.9) 

so from 6.8 it results : 
0458 < Ry, < 146 (6.10) 

The boundary value for the profit factor is 
Sori 20195 = 

Actually, the adoption op=0;, may be too 

conservative, because the core for the inductor usually results 

smaller than the one required for the transformer. Therefore, 

the inductor can dissipate heat better than the transformer 

due to its higher surface/volume ratio. Also, the inductor core 

power losses are lower, since the hysteresis loop there is 
smaller than the one performed in the transformer. 

Consequently, higher copper losses (per volume) should be 

admissible, allowing higher current density on inductor 

windings (according to eq. 5.30). 
The inductor current density is usually adopted between 

op<0o, <150, . A higher current density reduces the 

inductor volume but degrades the efficiency and complicates 

the close loop converter operation making the voltage 

transfer ratio a function of the output load. 

Using o, =150, and recalculating the boundary value 

Fpryy =0209 , so the 

aproximative value 0.2 is again valid. 

for the profit factor yields, 

VIL. CONCLUSIONS 

The widely used stacked winding technique allows 

partition factors others than 1/2 if required , but usually , the 
inner winding density current has to be limited to values such 

as the optimal efficiency cannot be achieved. However, these 
kind of windings have smaller leakage inductance than 

shared coil-former made, but they present a bigger 
interwinding capacity and poorer isolation features. 

Therefore, even if the secondary was allocated in a 

separated coil-section, the demagnetizing coil should be 

placed over the primary winding to ensure a good magnetic 
coupling. In battery powered converters, bifilar winding will 

improve the magnetic coupling. In off-line SMPS bifilar 

windings are not reliable enough [7] and a good practice 
should be to interpose the primary between both the halved 

demagnetizing winding sections . This increases the parasite 

interwinding capacity [12] but an appropriate connection of 

the demagnetizing diode may overcome this drawback [7]. 
For  f,. > fp,, the forward topology requires small 

core volume than the flyback one and vice versa, so for 

Sor <fpr,, @ flyback implementation should be preferred. 
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When the selected operation duty cycle is near the optimal 

value 0.5 , adopting o, higher than o, does not change 

the boundary value obtained. 
Assuming D as the maximum duty cycle for nominal 

output power, the maximum voltage over the power switch 

willbe: Vg, =Vp/(1-D) expression valable for both 

topologies here involved. Using this equations with 6.5 and 

6.6 , RV pp is plotted in fig. 5c , as function of 

fpr with the parameter Vg /Vp . There, the most 

suitable operation area for each topology are marked. 

25 RVFW/FB n=l 
" Fp=05 
2 TPl 

15 

1 

05 

0 

0 01 02 03 04 05 05 07 08 09 1 D 

(@) 

RVFw/FB 
25 

2 D=01 

15 

1 

05 

o 

0 01 02 03 04 05 06 07 08 09 1 ói!' 

® 

RVFw/FB n=1 
25 Fp=0. 

Vet Ve =1 7PL 
2 

15 nynacksÃ Veegna /V p =167 

o5} forward Ve, Vet [Vp =2 V,=8 forvard VeV, 

0,05 0,1 0,15 0.2 025 f, 

(c) 

Figure 5 : Volume ratio as function of (a) duty-cycle, 

(b) primary current increment and (c) device profit factor. 

APPENDIX 1: Magnetic flux density adoption 

A. Maximum efficiency selection 
For the optimal condition stated by eq. 5.15 the total 

losses become : 
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2 

(AL1) 

and the temperature rise may be estimated through : 

A0= Py Ry, (AL2) 
From eqs. AI.1 and AL.2 it results : 

Ve 
Vre 

B,] (AL3) 
mo kre fª[u%) 

For most ferrite cores , this value is smaller than the 
maximum allowable (which depends on the switching 
frequency adopted). Therefore, a higher flux density might 

be adopted to increase the available output power at price of 

an efficiency degradation. 

B. Maximum output power selection 

In this case, the current density will be adopted as function 

of the temperature rise (see section V - C ). 

For a given core, once the current density was 

adopted, P, becomes determinated from eq. 5.19 . For 

these copper losses , it should be avoided that the core 

temperature rise surpasses the maximum specified for the 

coil , in order to prevent an additional heat transfer to the 

windings. Consequently , it must be : 

Peu — Pre (AL4) 

Saisc, — Sdisgo 
Being both temperature rises identical : 

Agª( Peu + PF(') Ro,, 

From eqs. AL4 and ALS it results : 

Pr, = fi[fl) 
Rou \ S, 

Using egs. 5.11 and AL6 , one obtains : 

D so (S0 % 
Ro,, 

(ALS) 

(AL6) 

Sisor B,lp, = (AL7) E max kre £ Ve 

Relating the expressions AL.3 and AL7 : 

e[ B S(IuM 'm lopr 
(AL8) 

For example, for a core E55-21 made with a material such 

as f=25, B,,,] Po becomes approximately 14 % 

greater than B, ]op‘ 

Using the B,, adoption criteria stated by eqs. AL3 or 

AL7 requires a previously made core selection, but it is just 

for selecting the core (as output power function) that B, is 

first needed. To overcome this obstacle , one estimation a 
priori of B,, can be made based upon known reference 

Eletronica de Poténcia — Vol. 5, nº1, Maio de 2000 

values , through the equation deduced keeping constant the 

core density losses : 

Í[fw,]% 
(N ( 

ites used from 10 to 50 kHz , the 
and f = [y, , Where 

B, (AL9) 

For high permeability fes 

references may be B, = By, 

Ínin 1S the minimum recommendable operating frequency, 

that is, the maximal switching frequency which allows using 

B, =B, . Under f,,, it should be preferable to adopt 

other material , while for f > f,;, it is necessary to reduce 

B, according to eq. AL9 . 

Usually E/B=05 so, the eq. AL9 may be approximated 

as: 

(AL10) Bu(p) = 
For low permeability ferrites suitable for high frequency 

switching , the reference values may be determined as 

function of temperature rise from manufacturer issued curves 

(or tables). 

For example, suitable reference values for N27 and N47 

materials are : 

N27: 

N47: 

fry = 20kHz ; B =02T 

Sref = 100 kKHz ; By =01T. 

APPENDIX II : Transformer core sizing equation 

The Faraday law applied to a transformer magnetic circuit 

yields : 

AB 
Ve =NP Sre n (AIL1) 

For symmetrical — converters AB =2B,,,, and 

At =D T/2 , while for continuous operating mode forward 

converters AB=B,,, —B, =B, and At= DT , where 

B, residual flux  density 

B, << B,,, in soft magnetic materials). 

On the other hand , in flyback converters : 

AB =B,y = Brin = By 6ip and At=DT/2 . 

In symmetrical converters operating in continuous mode : 

Vp, =DV, and Vy =DV, , 
so the voltage form factor results : 

Sn =YD . 

For asymmetrical converters operating in continuous 

mode : 

is the (assumed  that 

therefore , 

which allows expressing the eq. AIL1 as : 
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Vi, =ke Sy, np Sre Bn S (AIL2) 

where : 

ke = for symmetrical converters 

ke=2 for forward converters 

ke =26ip  for flyback converters 

and the notation was simplified writing B, = B,,,, - 

Using eq. 5.18 the primary current may be expressed as 

density current function. Then , using eqs. AIL2 and 5.18 the 

primary apparent power is obtained : 

In, =ke fp, Bn S op Fep Fp Fy Sk 
from which the minimal required core section ( Sz, ) may 

be found. 
The output power may be expressed as function of the 

apparent primary power, yielding : 

Fo=1 ku Ve, Te, 

(AIL3) 

(AIL4) 

where &,, is the transformer utilization factor , defined as 7 

the ratio between the active primary power (or D.C. primary 

supply power) and the apparent primary power adopted for 
transformer design. Suitables design values are : 

k,, =/1=D forasymmetrical converters and 

ky =1 for symmetrical ones. 

Substituting AIl.4 into AIL3 and rearranging , the required 
minimal core section is obtained as output power function : 

Spe = to (AIL5) 
n ki ke fry Bm f op Fp Fp Fy 

Examples: 

For a ferrite core E42-15 made with material N27 , 

assuming A@=30°C yields o, =31A/mm’ (see 

section 4). Adopting the typical values : D = 04 

F, =036, Fy=05 , =09 , f=20kHz and 
B, =02T , for the forward topology , from eqs. All.4 

and AILS , it results : 

manufacturer graphic [6] yields P, =110 W . 

For an E55-21 core with the same material , adopting the 
same topology and working conditions, for equal 

temperature rise it should be o, =27 A/mm® , which 

Po =100 W , while the empirical 

yields P, =272W , while from manufacturer data , 

P, =2I5W . 

APPENDIX III : Skin and proximity effects 

For a single foil conductor subjected only to the skin 

effect, the increase of resistance is given by [20] : 

R, _&sinhg +sin& 

Ry 2 coshé—cosé 
s = (ATIL1) 

where: 

E=h/A 

A : penetration depth, A=./p/7 f u, 

h :foilthickness 
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If the foil conductor is immersed into the magnetic field 
due to other conductors (proximity field) the resistance will 

rise even more [12][13]. 
Assuming the proximity ficld uniform over the conductor 

cross section, orthogonality appears between skin and 

proximity effects [20]. This decouples both effects and 

simplifies calculations [21]. 

For the foil conductor of the m layer the increase of 

resistance is given by : 

R, _&|sinh& +siné (,7 ,1)2 sinh & —sin & 

Ry 2| cosh&—cosd cosh &+ cos É 

The first term in eq. AIIL.2 is identical to eq. AIIL.1 and 
describes the skin effect. 

For multilayer windings : 

_&=É|:sinhí +sin5+[4p2—l] sinh & —sin5:| 

] (AIIL2) 

Ry 2| cosh&—cos& 3 cosh é + cos & 

(AIIL3) 
where p is the number of layers. 

‘I'herefore F, may be expressed as : 

F, =k +ky (AIIL4) 

where k,; is given by eq. AIIL.1 and k,y results : 

4 p* 1) sinh & —si ko =S| 2R |sinhê sinó (AIILS) 
* t 3 ) coshé+cos & 

For é <2 the following approximations apply [12] : 

kg =1 (AIIL6.2) 
and, 

5p la 
kg EZ ATIL6.b x 5 $ ( ) 

In order to extend this one-dimensional approach to round 

wire windings, Dowell [13] introduces an equivalent square 

conductor thickness from : 

Sey=h* = 71(%) therefore , 

Each layer is supposed formed by n, turns of square 

section equivalent conductors (fig. A3). 

Since the square section conductors arc separated by a gap 

s, a one-dimensional layer copper factor has to be defined 

as: 

d (AIIL.7) 
2 

F ="n (AIILS) — 

where, 

by, :overall winding breadth 

h  :equivalent conductor thickness 

n, :number of turns per layer 

In order to adjust this model to the one-dimensional 

approach of the single-foil winding , the penetration depth 
must be modified due to the porosity of the winding layer 

which increases the effective resistivity. 

Therefore, defining : 
Py =PIF (AIL9) 

it yields, 
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(AIIL10) = /0 /7 1, 
E 

which leads to the effective value of & to be applied in 

F, estimations in case of round wire windings : 

R 
PA 

(ATIL11) 

If the increase in resistance due to eddy currents is 

excessive, one alternative is to use bunched conductors or litz 

wires. Then : 

st 

(where D, is the strand diameter) and F, = F, 

However, when the number of turns is small, the adoption of 
foil windings usually gives lower ac resistances. The use of 
litz wire may be considered for multilayer winding 
applications ranging over 500 kHz . 

For inductors carrying DC (choke applications) 

adopting d/A <2 is suitable enough in discontinuous mode 

operating  converters, while d/A<4 is 

continuous mode operation. 

acceptable in 

bw 

Figure A3 : A layer of square section conductors equivalent to 
one of round section conductors. 
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