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Magnetic Component Design Responsibility of Circuit Designer

 Ratings for inductors and transformers in power |
electronic circuits vary too much for commercial / (dgsgfe 5
vendors to stock full range of standard parts. |
 Instead only magnetic cores are available in a
wide range of sizes, geometries, and materials as
standard parts.
 Circuit designer must design the / 7/
inductor/transformer for the particular
application. \E’;Vigzi_”g
(0} N
 Design consists of:
1. Selecting appropriate core material, geometry,
and size
2. Selecting appropriate copper winding Assembled
. . ' / core and
parameters: wire type, size, and number of winding
turns.
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Review of Inductor Fundamentals

= Assumptions o | = mean path length Cross-sectional
= No core losses or copper winding losses \ area of core = A

e Linearized B-H curve for core with

M == My
T

- Im>>gandA>>g2

= Magnetic circuit approximations (flux
uniform over core cross-section, no
fringing flux)

= Starting equations
* Hnlm + Hg g = NI (Ampere’s Law)
- B A = Bg A =1 (Continuity of flux
assuming no leakage flux)
* My Hm= By (linearized B-H curve) ;

M Hg = Bg
e Results
B. > B = By = NI =f/A
© Ps m = "9 |4/my + 9/my
LI=Nf ; L= A N2
’ 'm/”]n + g/nb Magnetics- 3
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Review of Transformer Fundamentals

= Assumptions same as for inductor
= Starting equations
* H1Lm = Nqlq ;s HoLyy = Nolo
(Ampere's Law)
* Hmlm = (H1 - H2)Ly = Nql1- Nolp
* UmHm = Bm (linearized B-H curve)
df 1 df 5
= V1= N1y v2= No™ o
(Faraday's Law)
 Netflux f=f49 -fo =ppnHMA
_ HmA(N1l7- Nol)

Lm

= Results assuming y, P ¥, i.e. ideal core

or ideal transformer approximation.
f

e — = 0 and thus N1|1: N2|2
Hm
d(f 1- f2)_O _Vl Vo _V1 ~ Vo
dt B _Nl_Nz’Nl_NZ

m= mean path length

Cross-sectional
area of core = A

\VA VAV
!N
N
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Current/Flux Density Versus Core Size

» Larger electrical ratings require larger current | and
larger flux density B.

» Core losses (hysteresis, eddy currents) increase
as B2 (or greater)

 Winding (ohmic) losses increase as 12 and are
accentuated at high frequencies (skin effect,
proximity effect)

e To control component temperature, surface area of
component and thus size of component must be
increased to reject increased heat to ambient.

At constant winding current density J and core
flux density B, heat generation increases with

volume V but surface area only increases as V23,

e Maximum J and B must be reduced as electrical
ratings increase.

 Flux density B must be < B

» Higher electrical ratings b larger total flux
P larger component size

» Flux leakage, nonuniform flux distribution
complicate design

Bs

Minor
hystersis

loop /

\

/

Flux

/\
fringing 1
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Magnetic Component Design Problem

Challenge - conversion of component operating specs

in converter circuit into component des gn parameters.

Goal - simple, easy-to-use procedure that produces
component design specs that result in an acceptable
design having a minimum size, weight, and cost.

Inductor electrical (e.g.converter circuit)
specifications.

Inductance value L

Inductor currents rated peak current |, rated rms
current |, and rated dc current (if any) l 4
Operati ng?requency f.

Allowable power dissipation in inductor or
equivalently maximum surface temperature of the
inductor T, and maximum ambient temperature T .

Transformer electrical (converter circuit)
specifications.

Rated rms primary voltage V

Rated rms primary current Iprl

Turnsratio N /N,

Operating frequency f

Allowable power dissipation in transformer or
equivalently maximum temperatures T_and T,

Design procedure outputs.

» Core geometry and material.
* Coresize(A. . A,)

* Number of turnsin windings.
 Conductor type and area A .
» Airgap size (if needed).

Three impediments to a simple design procedure.
1. Dependence of J, . and B on core size.

2. How to chose a core from awide range of
materials and geometries.

3. How to design low loss windings at high
operating frequencies.

Detailed consideration of core losses, winding
losses, high frequency effects (skin and proximity
effects), heat transfer mechanisms required for good
design procedures.
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Core Shapes and Sizes

Magnetic cores available in awide variety of sizes and shapes.

|
» Ferrite cores available as U, E, and | shapes as well as pot cores

and toroids. |
« Laminated (conducting) materials availablein E, U, and | shapes
aswel| as tape wound toroids and C-shapes.
» Open geometries such as E-core make for easier fabrication but
more stray flux and hence potentially more severe EMI problems.
» Closed geometries such as pot cores make for more difficult
fabrication but much less stray flux and hence EMI problems.

Bobbin or coil former provided with most cores.

Dimensions of core are optimized by the manufacturer so that for a
given rating (i.e. stored magnetic energy for an inductor or V-I
rating for a transformer), the volume or weight of the core plus
winding is minimized or the total cost is minimized.

» Larger ratings require larger cores and windings.

» Optimization requires experience and computerized optimization
algorithm.

» Vendorsusualy are in much better position to do the
optimization than the core user.

Zny

insulating layer

magnetic steel
lamination
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Double-E Core Example

Aa
- . [T1°
2 4
Aha
I
 bale—»

Core

Characteristic

Relative Size

romrre NG TN

=V

Assembled core and winding

Absolute Size for

a= 1 cm
Core area Acgre 1.5 a2 1.5 cm?2
winding area A,,, 1.4 a2 1.4 cm?2
Area product AP = A, A. 21 a4 21 em?
Core volume V g e 13.5 a3 13.5 cmS
Winding volume V,,, 12.3a3 12.3 cm3
Total surface area of 59 6 a2 59 6 cm2

assembled core and
winding
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Typesof Core Materials

= |ron-based alloys = Ferrite cores
= Various compositions = Various compositions - iron oxides,
= Fe-Si (few percent Si) Fe-Ni-Mn oxides
= Fe-Cr-Mn

« METGLASS (Fe-B, Fe-B-Si, plus many = Important properties
other compositions)
= Resistivity r very large (insulator) -

= Important properties no ohmic losses and hence skin

= Resistivity = (10 - 100) e effect problems at high
B 3 _and frequencies.
«Bg =1-1.8T (T =tesla=10" oe)
_ _ - Bg =0.3T (T =tesla= 104 oe)
« METGLASS materials available only as

tapes of various widths and thickness.

= Other iron alloys available as laminations
of various shapes.

< Powdered iron can be sintered into
various core shapes. Powdered iron cores
have larger effective resistivities. Magnetics - 9
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HysteresisLossin Magnetic Materials

Minor
hystersis

loop /
>

--------------------- - Bg

Area encompassed by hysteresis
loop equals work done on material
during one cycle of applied ac
magnetic field. Areatimes frequency
eguals power dissipated per unit
volume.

OBaC/\ /
vt NS

e Typical waveforms of flux density,
B(t) versus time, in an inductor.

« Only B, contributes to hysteresis
loss.
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Quantitative Description of Core L osses

= Eddy current loss plus hysteresis loss = - 3F3 core losses in graphical form.

core loss.
g . _ d et
= Empirical equation - Py gp = K fa [Bacl e T 33
1
f = frequency of applied field. By = B P ,"*i= ;:I':' ;.,,@‘:L}%ﬁ
i f i Fl
base-to-peak value of applied ac field. k, BV A ATk
a, and d are constants which vary from A | /’:." W/ Lr,'
material to material = 1= L ,-" ," _;__'—-
z 7 F—JF é" !:
2.5 g oF 1 f':{{ Fra -5
= Pm,sp = 1.5x10°6 1.3 [B, 1= i v/ A7
! 1 LA A
mW/cm3 for 3F3 ferrite. (f in kHz and E i £ ;’}.’;ﬂr
B in mT) 5 i AL /)
_ - 2 ; : L :- _-.';...'
= Pmsp=32x10% 1.8 [B,] e v 1 232
mW/cm3 METGLAS 2705M (f in kHz /A AR 0 =8
and B in mT) ::; Al I’..f-*r ‘:‘} __.ff,}..-,_i
= Example: 3F3 ferrite with f = 100 kHz ,_ﬁ £ B [Jj
3 ! Fran s Fhox censty, S,
mW/cm
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Core M aterial Performance Factor

Volt-amp (V-A) rating of transformers proportional to f B
Core material's have different allowable values of B, at a specific frequency. B, limted by allowable P, .
Most desirable material is one with largest B,

Choosing best material aided by defining an emperical performance factor PF = f B__. Plots of PF versus
frequency for a specified value of P, . permit rapid selection of best material for an application.

Plot of PF versusfrequency at P, ., = 100 mW/cm? for several different ferrites shown below.

i
30 -

25—

Frequency kMz Magnetics- 12
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Eddy Current Lossesin Magnetic Cores

Eddy current

Bi(r)
/_ ..\ - B, = exdr-ay/d)
B, (1) A\/A B, (1)

i | _ 2
®o | [ Bo = d = skin depth = \/wns
k/ - w =2p f, f=frequency

> = m= magnetic permeability ;
my for magnetic materials.

= s = conductivity of materi:

= AC magnetic fields generate eddy currents

: . : : = Numerical example
in conducting magnetic materials. P

= Eddy currents dissipate power. _ C —
y pate p = 5s=0.055;,; Mm=103m,
= Shield interior of material from magnetic f =100 Hz
field.

ed =1 mm

Magnetics- 13
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Laminated Cores

» Cores made from conductive magnetic
materials must be made of many thin
laminations. Lamination thickness < skin
depth.

t
»  Stacking factor kgl = T+ 0.050

ot
al
~+

t (typically
0.3 mm)

o e

— Insulator

Magnetic steel
lamination
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Eddy Current Lossesin Laminated Cores

Flux f (t) intercepted by current loop = Average power P dissipated in lamination
of area 2xw given by f (t) = 2xwB(t
by (1) =2mB0) | |
Voltage in current loop v(t) = 2xw — given by Poc = <Bdp(t)dv > = oAt
dt core
= 2wxwBcos(wt) Pec w L d3 w2 B2 1 d2 w2 B2
2wr et PeC s = = =
core SPp Vv 24 r dwL 24 r
Current loop resistance r = o W d core core
Instantaneous power dissipated in thin loop
2

_v®l w
dp(t) =" /4
Average power P dissipated in lamination X

3 ,2 r2 4 z
_ , w L d° ws B
given by P = <Bdp(t)dv > = 247
y

Pec wLddw?B2 4 d2 w2 B2

P

ecsp- v 241 0o dwL 24T e

dx

v _
A B sin( wt)
Yy | [/ N
*y

[/

\ PN

Eddy current flow path
Magnetics- 15
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Power Dissipation in Windings

» Average power per unit volume of copper dissipated
in copper winding = Pcu,sp = Ioy (ers)2 where
Jrms = Iymd/Acy and r o, = copper resistivity.

» Average power dissipated per unit volume of
winding =Py gp =Keu Icu (Ormo)?  Veu = Keu
V\y WhereV, =tota volume of copper inthe
winding and V,,, = total volume of the winding.

NAgq,
* Copper fill factor kg, = Ay <1

N = number of turns; Acy= cross-sectional area

of copper conductor from which winding is made;
Ay = by l\y = areaof winding window.

* kgy =0.3for Leitz wire; ky, = 0.6 for round
conductors; ko, P 0.7-0.8 for rectangular
conductors.

bolbbin Winding conductor
—*—
I oY)
airgap go
i oo
oo
o
o
A 4
hyy
g
' Y
g
—_— >
2 & Je—»
by

Double-E core example
* Kgy < 1because:

* Insulation on wire to avoid shorting
out adjacent turnsin winding.

» Geometric restrictions. (e.g. tight-packed
circles cannot cover 100% of asquare
area.)
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Eddy Currents Increase Winding L osses

Eddy currents

» AC currentsin conductors generate ac
magnetic fields which in turn generate eddy
currents that cause a nonuniform current
density in the conductor . Effective resistance
of conductor increased over dc value.

* Pwgp > Keu'eu (ers)2 if conductor
dimensions greater than a skin depth.

J(r)
* 3y T exp({r - a}/d)

]2
 d = skin depth= WNS

« w =2pf, f="frequency of ac current
* m= magnetic permeability of conductor;
m= , for nonmagnetic conductors.

» s = conductivity of conductor material.

* Mnimize eddy currents using Leitz wire
bundle. Each conductor in bundle has a
diameter less than a skin depth.

* Numerica example using copper at 100 °C

Frequency| 50 <) 20 500
Hz | kHz | kHz | kHz  Twisting of paralleled wires causes effects of
Skin 10.6 | 1.06| 0.53 | 0.106 intercepted flux to be canceled out between
Depth mm mm | mm | mm adjacent twists of the conductors. Hence little if

any eddy currents. _
Magnetics- 17
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Proximity Effect Further | ncreases Winding L osses

Eddy
Current
Losses

(b) d<d

X

» Proximity effect - losses due to eddy

current generated by the magnetic
field experienced by a particular
conductor section but generated

by the current flowing in the rest of
the winding.

» Design methods for minimizing

proximity effect losses discussed
later.
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Minimum Winding L 0ss

Pw = Pdc * Pec i Pec = eddy current loss. Optimum conductor size

) 5 Resistance A
Pw={ Rdc* Rect [Irmsl® = Rac llyml

Rac= FR Rge =[1+ Red/Rycl Ry

Minimum winding loss at optimum conductor size.

Py =15P4
>
. pec =05 Pdc dopt » d d = conductor
diameter or
thickness
High frequencies require small conductor sizes minimize | oss.
Pqc kept small by putting may small-size conductors in parallel using
Litz wire or thin but wide foil conductors.
Magnetics- 19
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Thermal Considerationsin Magnetic Components

L osses (winding and core) raise core

temperature. Common design practice to

imit maximum interior temperature to 100-125 °C.

Core losses (at constant flux density) increase
with temperature increases above 100 °C

 Saturation flux density B, decreases with temp.

Increases

* Nearby components such as power semi-

conductor devices, integrated circuits, capacitors
have similar limits.

» Temperature limitations in copper windings

o Copper resistivity increases with temperature

increases. Thus losses, at constant current
density increase with temperature.

» Réliability of insulating materials degrade with

temperature Increases.

» Surface temperature of component nearly equal to
interior temperature. Minimal temperature gradient
between interior and exterior surface.

Power dissipated uniformly in component volume.
Large cross-sectional area and short path

lengths to surface of components.

Core and winding materials have large thermal
conductivity.

.» Thermal resistance (surface to ambient) of magnetic
component determines its temperature,

TS_ Ta

h
° PSp: Rqsa(vw +V() , Rqsa: AS

h = convective heat transfer coefficient =
10 °C-m2/W

Ag = surface area of inductor (core + winding).

Estimate using core dimensions and smple
geometric considerations.

Uncertain accuracy in h and other heat transfer
parameters do not justify more accurate thermal
modeling of inductor.

Magnetics- 20
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Scaling of Core Flux Density and Winding Current Density

. Psp 1
* Power per unit volume, P, s dissipated in magnetic * Jms = Koy Tou = kzi1 ; ko = constant
component is Py, = Kkq/a; kq = constant and cu

Sy
a = core scaling dimension.
Te-T b d .
__S_a . =kfY [B : Hence
* PuspVa* PgpVim = Rog Pm,sp = Psp [Bacl
d
T, = ambient temperature and Rye, = P K3
a P gsa B sg where kg = constant
surface-to-ambient thermal resistance of component. % " kf d/ 3
b g
« For optimal design P, W,sp = c,sp = PSIO ;
T5-Tg . -
Heroe P Plots of J,y,g» Bge» and Psp Versus cpre size
P Rqsa(V +Vo) (scale factor @) for a specific core material, geometry,
frequency, and T - T 5 value very useful for picking
. Rqsa proportional to 22 and Vg + Vo) appropriate core size and winding conductor size.

proportional to ad
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Example of Power Density and Current Density Scaling

J rms Psp
AZmm 2 mwW/cm 3
8 —-400
P \\ [ 350
Assumptions 1 s
b 6 - \\ 300
1. Double-E core made from 3F3 ferrite 54 < 250
4] \\ [ 200
2. T, =100°Cand T, =40 °C. ] \\ !
] - J rms [
3 150
3. Winding made with Leitz wire- k= ] \ x:
0.3 5] \\ [ 100
: Iy P > n
i SP [~
1 E— [ 50
0 : 0

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Core scaling parameter a [cm]
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Analysis of a Specific Inductor Design

Inductor specifications

= Maximum current = 4 ams rms at 100 kHz

< Double-E core with a = 1 cm using 3F3 ferrite.

= Distributed air-gap with four gaps, two in series in each leg;
total gap length Sg = 3 mm.

= Winding - 66 turns of Leitz wire with A, = 0.64 mm?2

= |Inductor surface black with emissivity = 0.9

- Ta,max =40 °C

Find; inductance L, Ts,max : effect of a 25% overcurrent on TS

Power dissipation in winding, P,,, = V,, k )2 = 3.2 Watts

Ccu CU (‘]rms

- V,,=123 cm3 (table of core characteristics)

< kg = 0.3 (Leitz wire)

* oy at 100 °C (approx. max. Tg) = 2.2x10°8 ohm-m
— — 2

< Jims = 4/(.64) = 6.25 A/mm

Power dissipation in 3F3 ferrite core,

= -6 £1.3 2.5 _
Peore = Ve1.5x107° 52 (B,)< 0 = 3.3 W
Ag ils N\E lrms _
- Bac » AC Sg = 0.18 mT; assumes Hg >> Hcore
- Ay = (@+g)(d+g)=171cm?;g=3mm/4=.075 mm

- Ac=15 cm? (table of core characteristics

< V=135 cmS (table of core characteristics)
e f=100 kHz

ey

frlnglng

flux

g
1 :
<>
d A core
le— a —»|
A
g Magnetics- 23
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Analysis of a Specific |nductor Design (cont.)

N f
T: 310 nH

A, =(0.18 T)(1.5x10% m?) = 2.6x10™ Wb

e f = BaC k
< Surface temperature T =T, + Rqsa (Pyy * Peore) =104 °C 9 \\</ ) )

e | =

= 9.8 °C/W

60
=20.1 [°*C/W]

= Rgsa = Rg,rad Il Rg,conv
o0q O
3134 3 fringing

R - =
qrad ) 73%
g;_T _ 9_ 0
(5.1) (0.006) & s - &oor o non
R = 1 ’\4/0'035 = 19.3 [°*C/W
0,conv — (1.34)(0.006) 60 =19.31 ]
g
= Overcurrent of 25% (I= 5 amp rms) makes T = 146 °C T 9
A nillig
d core
- _ 2 _ . _ 25 _
Py = (32 W)(1.25)2 =5W; P o = (3.3W)(1.25)2° =58WwW L
- T, = (9.8 °C/W)(10.8 W) + 40 °C = 146 °C le— a —»
Ag
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Stored Energy Relation - Basis of | nductor Design

Input specifications for inductor design .
 Inductance value L.

» Rated peak current |

« Ratedrmscurrent| .

 Rated dc current (if any) I ..

» Operating frequency f.

« Maximum inductor surface temperature T,
and maximum ambient temperature T,

Design consists of the following:

» Selection of core geometric shape and size

» Core material

» Winding conductor geometric shape and size .

* Number of turnsin winding

Design procedure starting point - stored energy relation

[L 1] pms =INT] g

f=BAcore : Irms = Ims Acu

L1 1ms = Keu drms B Aw Acore

Equation relates input specifications (left-hand side) to
needed core and winding parameters (right-hand side)

A good design procedure will consists of a systematic,
single-pass method of selecting ke, yms B: Ayyr aNd Agre

Goal: Minimizeinductor size, weight, and cost.
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Core Database - Basic Inductor Design T ool

Interactive core database (spreadsheet-based) key to a single pass inductor design procedure.

= User enters input specifications from converter design requirements. Type of conductor for windings
(round wire, Leitz wire, or rectangular wire or foil) must be made so that copper fill factor k., is known.

= Spreadsheet calculates capability of all cores in database and displays smallest size core of each type
that meets stored energy specification.

= Also can be designed to calculate (and display as desired) design output parameters including J,., B,
A.,; N, and air-gap length.

cu’

= Multiple iterations of core material and winding conductor choices can be quickly done to aid in
selection of most appropriate inductor design.

Information on all core types, sizes, and materials must be stored on spreadsheet. Info includes
dimensions, A, A, Surface area of assembled inductor, and loss data for all materials of interest.

Pre-stored information combined with user inputs to produce performance data for each core in
spreadsheet. Sample of partial output shown below.

Core No.| Materid AP = Rq Psp @ Irms @ Bac @ K. J B
A cu rms
Awcore | DT=60 °C| DT=60°C| DT=60°C| DT=60°C| . A A

& Pgy | & 100kHz w*" core

8 3F3 2.1 9.8 °C/W 237 3.3/~ [k 170 mT 0125+ [k
. cu : Cu
cm4 mW/cm3
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Details of | nteractive | nductor Core Database Calculations

Userinputs: L, I, | f, T, T, andk,

rms’ I dc!

Stored information (static, independent of converter requirements)
« Coredimensions, A,, A.e V.V, surface area, mean turn length, mean magnetic path length, etc.

* Quantitative core loss formulas for all materials of interest including approximate temperature dependence.

Calculation of core capabilities (stored energy value)
1. Compute converter-required stored energy value: L | 1.

2. Compute allowable specific power dissipation P, = [T,- T ] { R [V +V,, 1}. R, = WA or calculated
interactively using input temperatures and formulas for convective and radiative heat transfer from Heat Sink
chapter.

3. Compute allowable flux density P, = k f* [B,]¢ and current density P, =k, ., {Jnd?

4. Compute core capabilities kA, Acre B Jie

Calculation of inductor design parameters.
1. Areaof winding conductor A _, =1/ J, .

2. Calculate skin depth d in winding. If A_, > d?at the operating frequency, then single round conductor cannot
be used for winding.

» Construct winding using Leitz wire, thin foils, or paralleled small dia. (£ d) round wires.

Magnetics- 27
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Details of I nteractive Core Database Calculations (cont.)

3. Calculate number turns of N inwinding: N = k., A,/ Ag.

4. Calculate air-gap length L ;. Air-gap length determined on basis that when inductor current

equals peak value |, flux density equals peak value B.

» Formulasfor air-gap length different for different core types. Example for double-E core
givenin next dide.

5. Calculate maximum inductance L ., that core can support. L g = N Agre Bpeac / peak -

If L, > required L value, reduce L, by removing winding turns.
» Save on copper costs, weight, and volume.

* P, can bekept constant by increasing P, ,

* Keep flux density B, constant by adjusting gap length L .

6. Alternative L .., reduction procedure, increasing the value of L ;, keeping everything else
constant, is a poor approach. Would not reduce copper weight and volume and thus achieve
cost savings. Full capability of core would not be utilized.

Magnetics- 28
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Setting Double-E Core Air-gap Length

Set total airgap length Lg so that Bpeak

current 'peak'

9

Distributed gaps used to minimize amount of flux fringing into

winding and thus causing additional eddy current losses.

R " Ipeak R +R R Lg
= = » =
m Ac Bpeak m,core m,gap m,gap ”bAg
L N lheak b Ag
g Ac Bpeak
g g
For a double-E core, A, = (a + ) (d + )
g N N
g g
LE! L
- A,»ad+ (a+d) ; - << a
g Ng Ng

Insertion of expression for Ag(Lg) into expression for Lg(Ag)

and solving for L yields

g
a

Lg:

Bpeak Ac

a + d
d”lepeak ng

Above expression for L only valid for double-E core, but

g
similar expressions can be developed for other core shapes.

generated at the peak

L, = Ng g ; Ng = number of distributed gaps each of length g.

fringing
flux

K
el
|
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Single Pass Inductor Design Procedure

Start Cﬁ

Enter design inputs
into core database

v

Examine database
outputs & select core

Neglect skin, \
proximity effects??
No

Iterative selection of

Select wires conductor type/size.

—— —~——

No Estimate L, 5x \SS
Too large?

Remove turns and

# + readjust airgap

Finish
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Inductor Design Example

Assemble design inputs

e L =300 microhenries

* Peak current=5.6 A,
sinewave current, I, .= 4A

* Frequency = 100 kHz
« Tg=100°C; T,=40°C

Stored energy L | 1 = (3x10™)(5.6)(4)
= 0.00068 }m™3

Core material and geometric shape

» High frequency operation dictates ferrite
material. 3F3 material has highest
performance factor PF at 100 kHz.

» Double-E core chosen for core shape.

Double-E core with a= 1 cm meets requirements.

keudms B AwAcore® 0.01254 [k, 0.0068
for ko, > 0.3

Database output: R = 9.8 °C/W and

q

_ 3
Psp = 237 mW/cm

Coreflux density B =170 mT from database.
No | 4 Bpeak =170 mT.

Winding parameters.
e Litzwireused, so kCu =03. Jms=6 A/mm

¢+ Ag,=(4A)(6 AImmP) = 0.67 mm2
e N = (140 mm?)((0.3)/(0.67 mm?) = 63 turns.

2

_ (63)(170 mT)(1.5x10°4 m?)
max ~ 56A
» 290 microhenries

1072

9” (0.17) (1.5x107%) 2 5¢10°2

(1.5x1072)(4px10"7)(63)(5.6)  (4)(1.5x102)
Lg » 3 mm

Lmax » L S0 no adjustment of inductance value
IS needed.
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|terative | nductor Design Procedur e

(I) Start
o * Iterative design procedure essentially
Assemble design inputs —| Design winding (k cu"]’ Acu’ N) consists of constructi ng the core
+ + database until a suitable core is found.
~ » Choose core material and shape and
Compute LI | ms Corrected inductance- conductor type as usual
- current pI‘OdUCt greater ‘—
+ than LI lems 7 . .
No —— M _—— « Use stored energy relation to find an
Yes ..
Choose core size using initial | initial area product A,,/A and thus an
values of J and B Y initial core size.
+ Select larger core size 5
Find allowable power , < i « Useinitial vaues of g = 2-4 A/mm
dissipation density Psp Ny * and Bac= 50-100 mT.
+ A | Find maximum inductance e Useinitial core size estimate (value of ain
Find corrected core flux double-E core example) to find corrected
density Bye + values of Jpg and B and thus corrected value
JAY
+ Design airgap length g of Key ImsB  Aw Acore
Find corrected pea}\core flux
density B + .
+ « Comparekq; Ims B Ay Acore With
Set L to design value L I I, ms @nd iterate as needed into proper
J) sizeisfound.
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Simple, Non-optimal | nductor Design M ethod

(ID Start

Assemble design inputs

v

/\
Compute LI | s

v

Determine core size using
assumed values of J and B

v

Design winding (k cu"J’ Acu

N)

v

A

Set airgap length g to
obtain desired inductance L

Select

No Check power dissipation

and surface temperature.

é) Done

larger
core size

Yes |

Assemble design inputs and compute required LI |

Choose core geometry and core material based on
considerations discussed previously.

Assume J. .= 2-4 A/mm? and B, = 50-100 mT and use
LI s = Koy Jims Bac Ay Acore 10 find the required area
product A, A, and thus the core size.

rms CUu “rms
core

» Assumed values of J_and B__ based on experience.
Complete design of inductor as indicated.

Check power dissipation and surface temperature using
assumed values of J._.and B_.. If dissipation or
temperature are excessive, select alarger core size and repeat

design steps until dissipation/temperature are acceptable.

Procedure is so-called area product method. Useful in
situations where only one ore two inductors are to be built
and size/weight considerations are secondary to rapid
construction and testing..
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Analysis of Specific Transformer Design

Transformer specifications

*  Wound on double-E core with
a=1cmusing 3F3ferrite.

. 'pri =4 A rms, sinusoidal waveform;
Vpri =300V rms.

* Frequency = 100 kHz

e Turnsratio Npri/Nsec =4 and
Npri = 32.

» Winding window split evenly between
primary and secondary and wound
with Litz wire.

e Transformer surface black (E = 0.9)
and T, £ 40 °C.

Find: core flux density, leakage inductance,
and maximum surface temperature T, and

effect of 25% overcurrent on Ts-

Areas of primary and secondary conductors,
Acu,pri @A Acy sec:

Neae A

A ~ Npri Acu,pri A _ 'sec "cu,sec
w,pri ~ kcu,pri v Pw,sec kcu,sec
o Npri Acupri NsecAcu,sec
Aw,pri T Aw,sec = Aw = kew Keu

where kcu,pri = kcu,sec = kg, Since we assume primary and
secondary are wound with same type of conductor.

Equal power dissipation density in primary and secondary gives

lpi _ Acupri _ Neec
lsec = Acusec ~ Npri
- S _KeuAw
e Using aboveequatlonsyleldsAcu’pri =5 Npri and
_ Keu Aw
Acu,sec ~ 2Ngee
2
0.3)(140 mm
* Numerical values: Ag, pyi - )((2)(32) ) - 0.64 mm?
(0.3)(140 mm?)
and ACU,SGC = 2)(8) = 2.6 mm?2
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Analysisof Specific Transformer Design (cont.)

Mean turn length I,

= Power dissipation in winding P,,, =k, rcu(‘]rms)z Viy Top view \ radius =b, /2
of bobbin 4 7(
= Jms = (4 A)/(0.64 mm?) = (16 A)/(2.6 mm?) = 6.2 A/mm? \
8 6 A /222 5 3 - 192
= Py =(0.3)(2.2x10"" ohm-m) (6.2x10~ A/m“)“(1.23x10™~ m>) 14a |
Pw = 3.1 watts
\ |/
= Flux density and core loss <——>‘ F*
- Vpri,max = Npl‘i AC w Bac =(1.414)(300) =425V b,, =0.7a
Iy = (2)(1.4a) + (2)(1.9a) + 2p (0.35b,,) =8 a
425
- By = YR s =0140T
(32)(1.5x10™" m“)(2p)(10*~ Hz) = Surface temperature Tg.
= Assume Rq sa > 9:8 °C/W.
Peore = (13.5 cm3)(1.5x1070)(100 kHz)13(140 mT)2:5 =1.90w ’

Same geometry as inductor.
- T4=(9.8)(3.1+1.9)+40=89°C

2
. _ MMNpri)™ bw = Effect of 25% overcurrent.

= Leakage inductance L|gg = _ )
3 hy = No change in core flux density.

- I, =8a=8cm Constant voltage applied to

rimary keeps flux density constant.
(4px10”7)(32)2(0.7)(10"2)(8x10™2) _ _ primary feep 5 Y

* Lieak = » 12 microhenries - Pw = (3.1)(1.25)“ = 4.8 watts

(3)(2x1072)
<> T, = (9.8)(4.8 + 1.9) + 40 = 106 °C
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Sectioning of Transformer Windingsto Reduce Winding L osses

conductors in winding. Not possiblein an
inductor.

a a a o o o @ Primary
(x) (0 ) (o) (o) (o) « Reduce winding losses by reducing magnetic
g g g 8 8 8 ® secondary field (or equivently the mmf) seen by

MMF A A . . -
: ' » Simple two-section transformer winding

situation.

Eé/;_;‘;h;h"%_?"%"_ Nori Tpri = Nsec !'sec

N»n

* Division into multiple
sections reduces MMF and
hence eddy current | osses.

N|'U
n
|
N
s

MMF | P SR L IMMF
A Do S A

UEL L i

N lon \/ 0 y,\ NS

Ny | api
2 pri_"pri N
Npri Ipri T pri_pri
2

4
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Normalized Power Dissipation

=B

Hacf R dc,h

Optimization of Solid Conductor Windings

500
100+
10-:
Locus of
minimum total loss
/ =1.5dc loss
1 dcloss —¢>
i m=1
0.6- —r —
0.1 1 10
h/d

Nomalized power dissipation =

PW I:RRdc

2 R _
Rdc,h:d(lrms) dc,h=d

Fi h
I
Conductor height/diameter \/;

= F| = copper layer factor
= F=Db/b, for rectangular conductors
- k= d/dO for round conductors

= h = effective conductor height

e h= \/E d for round conductors

= m = number of layers

v s -

— b —» hw
NI turns per layer = —

>

— dO—J

hyy - g
NI turns per layer = W
do
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Transformer L eakage Inductance

< Transformer leakage inductance causes
overvoltages across power switches at turn-off.

= Leakage inductance caused by magnetic
flux which does not completely link primary
and secondary windings.

Direction and relative
magnitude of leakage

magnetic fieId./\\

@ Primary
X = current
o 8 into page
o @ Secondar
y
©)

e = current
out of page

COO

S I

MMF

T~ Nori Tpri = Neec I'sec

__.________.'.______________
[
'
U U

Linear variation of mmf in winding window indicates
spatial variation of magnetic flux in the window and thus
incomplete flux linkage of primary and secondary windings.

_ _ 2 Ny lgr X _
Hyindow = Hieak = h b ; 0 <x<b,/2
w “w

_ 2 Nori pri |

Hieak = hy, (1 - x/b,) ; by/2<x< b,
2 .

Lieak (Ipri) 1 § 5

2 T2 My (Higak) AV

Vi

Volume element dV = h,, I,, (x)dx ; I, (xX) equals the

length of the conductor turn located at position Xx.
= Assume a mean turn length |, » 8a for double-E

core independent of x.

by/2
2 0
Lieak (pri) _ ot 8 2 Npri lpri X 5 hLd
2 = @5 gml hWbW] ww
0
(N D2 1, b
. " Wpri)™ 'w Pw
leak 3 p2 hy,
If winding is split into p+1 sections, with p > 1,
leakage inductance is greatly reduced.
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Volt-Amp (Power) Rating - Basis of Transformer Design

Input design specifications

Rated rms primary voltage Vpri
Rated rms primary current 'pri
Turnsratio Npri/Nsec

Operating frequency f

Maximum temperatures Tgand T4

» Design consists of the following:

Selection of core geometric shape and size
Core material
Winding conductor geometric shape and size

Number of turnsin primary and secondary
windings.

Design proceedure starting point - transformer V-A rating S

S=Vori lpri ¥ Veec Isec = 2 Viri lpri

_ df  NpriAcoreWBae
* Vpri - I\'pri dt ~ \2 ’|pri —ersAcu,pri

__Npri Acore W Bgc
pri Ipri =2 \2 Jrms

e S=2V ACU,pI’i

_keuAw
* Acupri=2 Npri

__Npri AcoreW By Keu Aw
pri Ipri =2 \2 Jms 2 Npri

e S=2V

S=Vori lpri =44Kkey T Acore Aw Irms Bac

Equation relates input specifications (left-hand side) to core
and winding parameters (right-hand side).

Desired design procedure will consist of a systematic,
single-pass method of selecting ke, Acgrer Awr Irms aNd B4
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Core Database - Basic Transformer Design T ool

Interactive core database (spreadsheet-based) key to a single pass tramsformer design procedure.

User enters input specifications from converter design requirements. Type of conductor for windings
(round wire, Leitz wire, or rectangular wire or foil) must be made so that copper fill factor k., is known.

Spreadsheet calculates capability of all cores in database and displays smallest size core of each type
that meets V- | specification.

Also can be designed to calculate (and display as desired) design output parameters including J ., B,
A A N, ., Neoec, and leakage inductance..

cu,pri» “*cu,secr 'Vprir ' Vsec?

Multiple iterations of core material and winding conductor choices can be quickly done to aid in
selection of most appropriate tranformer design.

Information on all core types, sizes, and materials must be stored on spreadsheet. Info includes
dimensions, A,, A, Surface area of assembled transformer , and loss data for all materials of interest.

Pre-stored information combined with user inputs to produce performance data for each core in
spreadsheet. Sample of partial output shown below.

Core | Material | AP= R @ @ A A
No. AnA DT—6O(|)oc F_)Sp o Jims o Brated @ 222kgy T Ims B AP
wre [P1= Tg100°C | T=1007C | 1 <100 °C (f = 100kHz2)
&Py | & 100kHz
8 3F3 21 | 98°cw 237 170 mT 3
A o3 (3.3 /key m 2.6x10° «
cm mwv/cm
) kcuRdc
e R
Rac [V-A]
A/mm?
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Details of Interactive Transformer Core Database Calculations

e Userinputs: V ;, |, turnsratioN,/ N, f, T, T, and Kk,

pri? "pri?

» Stored information (static, independent of converter requirements)
« Coredimensions, A,, A.e V.V, surface area, mean turn length, mean magnetic path length, etc.

* Quantitative core loss formulas for all materials of interest including approximate temperature dependence.

» Calculation of core capabilities

1. Compute converter-required stored energy value: S=2V ;1

2. Compute allowable specific power dissipation P, = [T,- T ] { R [V +V,, 1}. R, = WA or calculated
interactively using input temperatures and formulas for convective and radiative heat transfer from Heat Sink
chapter.

3. Compute allowable flux density P, = k f* [B,]¢ and current density P, =k, ., {Jnd?
4. Compute core capabilities 4.4f K A, Acore Bac J

ac “rms

» Calculation transformer parameters.

1. Calculate number of primary turnsN,; =V . {2p f A, B} and secondary turns N, =V . {2p f A, B}

pri
2. Calculate winding conductor areas assuming low frequencies or use of Leitz wire

* Acu,pri = [kcqu]/[2 N,.] and Acu,sec = [kCUAW]/[2 Nseo]

cpre

pri
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Details of Interactive Transformer Core Database Calculations (cont.)

3. Calculate winding areas assuming eddy current/proximity effect isimportant

*  Only solid conductors, round wires or rectangular wires (foils), used.J,,.s = [{ Py, RicH{ Ry Ko Mo b 112

» Conductor dimensions must simultaneously satisfy area requirements and requi rements of normalized
power dissipation versus normalized conductor dimensions.

» May require change in choice of conductor shape. Most likely will require choice of foils (rectangular
shapes).

» Severd iterations may be needed to find proper combinations of dimensions, number of turns per layer,
and number of layers and sections.

» Bestillustrated by a specific design example.

4. Estimate leakage inductance L, = {H,{ N,,:} 21, b}/ {3 p?h,}

5. Estimate S, =44k, fA_ A, J.B

core” "W rms T ac

6. If S\x>S=2V,; 1, reduceS,, and save on copper cost, weight, and volume.

« IFN,; WA, B >V reduceS o Dy reducing N and N

pri®
.« 1A reduce A . and A

rms Cu, pI’I rms’ Cu, I’I Cu, sec” . .
« IfS>S _ byonlya moderate amount (10-20%) and smaller than S__ of next core size, increase S_, of
present core Size.
* Increasel . (and thus winding power dissipation) as needed.Temperature T, will increase a modest amount

above design limit, but may be preferable to going to larger core size.
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Single Pass Transformer Design Procedure

Start Cﬁ

Enter design inputs
into core database

v

Examine database
outputs & select core

Neglect skin, \
o proximity effects?
Yes No

Iterative selection of
conductor type/size.

|—’_I 1_4—J

Select wires

No Estimate S 1o \ \SS
* Too large?
4 Remove turns
Finish
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Transformer Design Example

Design inputs

Vpri =300V rms ; 'rms: 4 A rms
e Turnsration=4

» Operating frequency f = 100 kHz

« Tg=100°C and T4=40°C

V -1 rating S=(300V rms)(4 A rms)
= 1200 watts

Core materia, shape, and size.

» Use 3F3ferrite becauseit has largest
performance factor at 100 kHz.

» Usedouble-E core. Relatively easy to
fabricate winding.

Core volt-amp rating = 2,600 /K¢, @c

» Usesolid rectangular conductor for
windings because of high frequency.
Thusk,=0.6 and R;/Ryc = 1.5.

0.6
« Core volt-amp capability = 2,600 \/?_5

= 1644 watts. > 1200 watt transformer rating.

Size is adequate.

Using core database, Rq =9.8°C/W

and P, = 240 mW/cmS.

P

Flux density and number of primary
and secondary turns,
 From core database, B; = 170 mT.

3002
* Npri = ", 5
Prl (1.5x10™*m4)(2p)(10°HZ)(0.17 T)
= 26.5 » 24. Rounded down to 24 to increase
flexibility in designing sectionalized
transformer winding.

_24 _
i NSGC_ 6 =6.

33
From core database J =
'MS +/(0.6)(1.5)
=35 A/mmz.
4 Arms 2
A = 1.15mm

cupri = 35 A rms/mm?
* Acusec = (9(L15mm?) = 4.6 mm?
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Transformer Design Example (cont.)

Primary and secondary conductor areas -
proximity effect/eddy currents included.
Assume rectangular (foil) conductors with
ko = 0.6 and layer factor Fy = 0.9.

» Iterateto find compatible foil thicknesses
and number of winding sections.

o Ilstiteration - assume asingle primary section
and asingle secondary section and each section
having single turn per layer. Primary has 24
layers and secondary has 6 layers.

: : Acu,pri
Primary layer height hpri = W

_ 115mm?
=1(0.9)(20 mm) = 0.064 mm

» Normalized primary conductor height

\/EI hpri /0.9 (0.064 mm)

f="d = (©024mm) =025;

d =0.24 mm in copper at100 kHz and 100 °C.

e Optimum normalized primary conductor height
f = 0.3 so primary winding design is satisfactory.

* Secondary layer height hga=

Acu,sec

Fi hw

4.6mm2

» Normalized secondary conductor height

B \/EI hsec_\/@ (0.26 mm)

f="9 = ©24amm) =1

* However asix layer section has an optimum
f =0.6. A two layer section has an optimum
f = 1. 2nd iteration needed.

» 2nd iteration - sectionalize the windings.

Use asecondary of 3 sections, each having two
layers, of height hges = 0.26 mm.

Secondary must have single turn per layer.
Two turns per layer would require hge. = 0.52 mm

and thus f = 2. Examination of normalized power
dissipation curves shows no optimum f = 2.
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Transformer Design Example (cont.)

W[

W[

» Three secondary sections requires four primary sections.

Two outer primary sections would have 24/6 = 4
turns each and the inner two sections would have
24/3 = 8 turns each.
Need to determine number of turns per layer and

hence number of layers per section.

Turng hpri No. of f Optimum
layer Layers f
1 0.064 mm 8 0.25 0.45
2 0.128 mm 4 0.5 0.6
4 0.26 mm 2 1 1

Use four turns per layer. Two interior primary

sections have two layers and optimum value of f .

Two outer sections have one layer each andf not
optimum, but only resultsin slight increase in loss
above the minimum.

* Leakageinductance L|gg1

_ (4px10°9)(24)28)(0.7)(1) _
) (3(6)%2) )
» Sectionalizing increases capacitance

between windings and thus lowers the
transformer self-resonant frequency.

0.2 nH

. Smax = 1644 watts

» Rated value of S= 1200 watts only
marginally smaller than S5, Little to

be gained in reducing Sy, to Sunlessa

large number of transformer of this design
are to be fabricated.
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|terative Transfor mer Design Procedure

<|> Start  |terative design procedure essentially

Design windings &cu,pri N pri- consists of constructing the core

Assemble design inputs | Acu,sec - Negg) database until a suitable coreis found.

v

» Choose core material and shape and

T conductor type as usual.

Compute 2V_ .1 _ .
P pripn _|Corrected V-I rating greate
than 2 Vpl’i 'pri ? . . ..
+  UseV -Irating tofind aninitial area
. —— No Yes product A, /A and thus an initial coresize.
Choose core size using initial
values of J and B v
C _ 2
Find allowable power Ve < I and Bac = 50-100 mT.
dissipation density PSp |\ *
+ A » Useinitia core size estimate (value of ain
_ Find maximum V - | rating double-E core example) to find corrected
Find corrected core flux values of J..« and B, and thus corrected
density B.c + rms ac
v value of 44 kg, Ims B Ay Acore
Set S ax to desired S
Find corrected current
density Jms + « Compare4.4f ke, Ims B Aw Acore With
+ , _ 2V i gy @nd iterate as needed into proper
Estimate leakage inductance ] p p
sizeisfound.
J) End
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Simple, Non-optimal Transformer Design M ethod

(ID Start

Assemble design inputs

v

Compute 2 Vpri I ori

v

Determine core size using
assumed values of J and B

Check power dissipation
and surface temperature.

J) Done

\ 4
Design winding e‘cu,pri’Npri ,
Acu,sec Nsec)
+ A
Set S ax O desired S Seloct
larger
core size

Yes

Assemble design inputs and compute required 2V, |,

Choose core geometry and core material based on
considerations discussed previously.

Assume J. .= 2-4 A/mm? and B, = 50-100 mT and use
2V i 1y = 441Ky Jns B Ay Agye tO find the required area
product A, A, and thus the core size.

Cu “rms
core

» Assumed values of J_and B__ based on experience.
Complete design of transformer as indicated.

Check power dissipation and surface temperature using
assumed values of J._.and B_.. If dissipation or
temperature are excessive, select alarger core size and repeat

design steps until dissipation/temperature are acceptable.

Procedure is so-called area product method. Useful in
situations where only one ore two transformers are to be built
and size/weight considerations are secondary to rapid
construction and testing..
Magnetics- 48
WPR - 1/'02



