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Design of Magnetic Components
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K. Transformer Design Procedures
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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 

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 

inductor/transformer for the particular 

application.

• Design consists of:

1. Selecting appropriate core material, geometry, 

and size

2. Selecting appropriate copper winding 

parameters: wire type, size, and number of 

turns.

   Core 

(double E)

Winding 

Bobbin 

Assembled 

core and 

winding
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Review of Inductor Fundamentals
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l   = mean path length
m

Cross-sectional  

area of core = A

Air gap: H g

• Assumpt ions

• No core losses or copper winding losses

• Linearized B-H curve fo r core wit h
mo

• lm >> g and A >> g2   

• Magnet ic circuit  approxi mat ions ( fl ux

uniform over core cross-sect ion,  no

f ringing f lux)

• St art ing equat ions

• Hm lm + Hg g = N I  ( Ampere ’s Law)

• Bm A  = Bg A = (Cont inuit y of  f lux

assuming no  leakage f lux )

• m Hm= Bm ( linearize d B-H  curve)  ;

o Hg = Bg

• Results

• Bs > Bm  =  Bg =  
NI

lm/ m +  g/ o
  = / A

• LI = N  ;   L =  
A N 2

lm/ m +  g/ o
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Review of Transformer Fundamentals

• Assumptions same as for inductor
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• St art ing equat ions

• H1Lm = N1I1 ; H2Lm = N2I2

(Ampere 's  Law)

• HmLm = (H1 -  H2)Lm = N1I1- N2I2

• µmHm = Bm ( linearized B-H curve)

• v1= N1

d1

dt
  ; v 2 =  N2

d2

dt
 

(Faraday's  Law)

• Net f lux   = 1  - 2  = µmHmA

= 
µmA(N1I1- N 2I2)

Lm
 

• Results  assum ing µm , i.e. ideal core

or ideal t ransfor mer approxi mat ion.

•


µm
  = 0 and t hus N1I1= N2I2

•
d(1-  2)

dt
 = 0  = 

v1

N1
  -  

v2

N2
  ; 

v1

N1
  =  

v2

N2
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Current/Flux Density Versus Core Size

B

H

Minor 

hystersis 

loop

Bs

Bs-

fringing      

   flux

g

core

• Larger electrical ratings require larger current I and 
larger flux density B. 

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

•  Winding (ohmic) losses increase as I2 and are 
accentuated at high frequencies (skin effect, 
proximity effect)

• 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 V2/3.

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

• Flux density B must be < Bs

• Higher electrical ratings  larger total flux 
 larger component size

• Flux leakage, nonuniform flux distribution 
complicate design
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Magnetic Component Design Problem

• Challenge - conversion of component operating specs 
in converter circuit into component design 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 I, rated rms 

current Irms , and rated dc current (if any) Idc
• Operating frequency  f.
• Allowable power dissipation in inductor or 

equivalently maximum surface temperature of the 
inductor Ts and maximum ambient temperature Ta.

• Transformer electrical (converter circuit) 
specifications. 
• Rated rms primary voltage Vpri
• Rated rms primary current Ipri
• Turns ratio Npri/Nsec
• Operating frequency f
• Allowable power dissipation in transformer or 

equivalently maximum temperatures Ts and Ta

• Design procedure outputs.
• Core geometry and material.
• Core size (Acore , Aw)
• Number of turns in windings.
• Conductor type and area Acu.
• Air gap size (if needed).

• Three impediments to a simple design procedure.

1. Dependence of Jrms and B on core size.

.

2. How to chose a core from a wide 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 a wide variety of sizes and shapes.

• Ferrite cores available as U, E, and I shapes as well as pot cores 

and toroids.

• Laminated (conducting) materials available in E, U, and I shapes 

as well 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.

• Vendors usually are in much better position to do the 

optimization than the core user.

magnetic steel   

  lamination

insulating layer
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Double-E Core Example

Characterist ic Relativ e Size Absolut e Size  for

a =  1  cm

Core area Acore 1.5  a2 1.5  cm2

Winding area Aw 1.4  a2 1.4  cm2

Area product AP = A wAc 2.1  a4 2.1  cm4

Core volu me Vcore 13.5  a3 13.5  cm3

Winding vo lume Vw 12.3 a3 12.3  cm3

Tot al surf ace area of

assembled core and

winding

59.6  a2 59.6  cm2

h
w

b w

1.4 a

1.9 a

Bobbin

aa

2

d

a

2

b a

h a

2

Core

Assembled core and winding
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Types of Core Materials

• Iron-based alloys

• Various  composit ions

• Fe-Si ( fe w percent  Si)

• Fe-Cr-Mn

• METGLASS (Fe-B, Fe-B-Si, plus many

ot her composit ions)

• Import ant  propert ies

• Resisti vit y _ = ( 10  - 100 )  
Cu

• Bs  = 1  -  1 .8  T (T = t esla = 10 4 oe)

• METGLASS mat erials ava ilable only as

t apes of various widt hs and t hickness.

• Oth er iron alloys ava ilable as laminati ons

of  various shapes.

• Powdered iron can be sint ered int o

various core shapes. Powdered iron cores

have larger ef fect ive resist iviti es.

• Ferr it e cores

• Various  composit ions - iron oxides,

Fe-Ni-Mn oxides

• Import ant  propert ies

• Resisti vit y  very large ( insulat or)  -

no  ohmic losses and hence skin

ef fect  problems at h igh

f requenc ies.

• Bs  = 0 .3 T (T =  t esla = 10 4 oe)
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Hysteresis Loss in Magnetic Materials

t

Bac
0

t
0

B(t)Bdc

Bac

B

H

Minor 

hystersis 

loop

Bs

Bs-

• Typical waveforms of flux density, 

B(t) versus time, in an inductor.

• Only Bac contributes to hysteresis 

loss.

• Area encompassed by hysteresis 

loop equals work done on material 

during one cycle of applied ac 

magnetic field. Area times frequency 

equals power dissipated per unit 

volume.
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Quantitative Description of Core Losses

• Eddy current  loss plus hyst eresis loss =

core loss.

• Empirical equat ion - Pm,sp = k f a  [ Bac]
d

.

f  = f requency of  applied f ield. Bac =

base-to -peak value of  applied ac f ield. k,

a, and d are const ant s which vary f rom

mat erial t o mat erial

• Pm,sp = 1.5x10 -6   f1 .3   [ Bac]
2.5

mW/c m3  fo r 3F3 fe rrit e. ( f in kHz and

B in mT)

• Pm,sp = 3.2x10 -6   f1 .8   [ Bac]
2

mW/c m3  METGLAS 2705 M ( f  in kHz

and B in mT)

• Example: 3F3 fe rrit e  wit h f  = 100  kHz

and Bac = 100 mT,  Pm,sp =  60

mW/c m3

• 3F3 core losses in graphical form.
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Core Material Performance Factor

• Volt-amp (V-A) rating of transformers proportional to f Bac

• Core materials have different allowable values of Bac at a specific frequency. Bac limted by allowable Pm,sp.

• Most desirable material is one with largest Bac.

• Choosing best material aided by defining an emperical performance factor PF = f Bac. Plots of PF versus 

frequency for a specified value of Pm,sp permit rapid selection of best material for an application.

• Plot of PF versus frequency at Pm,sp =  100 mW/cm3 for several different ferrites shown below.
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Eddy Current Losses in Magnetic Cores

• AC magnetic fields generate eddy currents 

in conducting magnetic materials. 

• Eddy currents dissipate power. 

• Shield interior of material from magnetic 

field. 

•
Bi(r)

Bo
     =  exp ({ r - a} / )

•   =  skin dept h =  
2

     

•   = 2š  f,  f  = f requency

•  = magnet ic permeabilit y ; 

o  fo r magnet ic mat erials.

•  =  conduc t ivi t y of  mat erial.

• Numerical example

•  = 0.05  cu ;   = 10 3 o   

f  = 100 Hz

•   = 1 mm
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Laminated Cores

• Cores made from conductive magnetic 

materials must be made of many thin 

laminations. Lamination thickness < skin 

depth.

• Stacking factor kstack  =  
t

 t + 0.05t   
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Eddy Current Losses in Laminated Cores

• Flux ( t )  int ercept ed by c urrent  loop

of  area 2xw given b y ( t ) = 2xw B(t)

• Volt age in current  loop v(t )  = 2xw 
dB(t )

dt

= 2wxBcos(t )

• Current  loop resist ance r = 
2wcore

L  dx
; w >> d

• Inst ant aneous power d issipat ed in th in loop

p( t )  = 
[ v(t) ] 2

r
   

• Average power Pec dissipat ed in laminat ion

given b y Pec =  <p( t )dV >   =   
w  L d 3  2   B2

24  core
      

• Pec,sp = 
Pec

V
 =   

w  L d 3  2   B2

24  core
  

1

dwL
=   

d2  2   B2

24  core
    

• Average power Pec dissipat ed in laminat ion

given b y Pec =  <p( t )dV >   =   
w  L d 3  2   B2

24  core
      

• Pec,sp = 
Pec

V
 =   

w  L d 3  2   B2

24  core
  

1

dwL
  =   

d2  2   B2

24  core
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Power Dissipation in Windings

• Average power per unit volume o f copper dissipated

in copper winding  = Pcu,sp  =   cu (Jrms)2  where

Jrms = Irms/Acu and cu = copper resistivity .

• Average power dissipated per unit  volu me of

winding  = Pw,sp  = kcu cu (Jrms)2  ; Vcu = kcu

Vw  where Vcu = total volu me of copper in the

winding  and Vw = total volu me of the winding .

• Copper fill factor kcu  =  
N Acu

Aw
  <  1

• N = numb er of turns; Acu = cross-sectional a rea

of copper conducto r from which winding  is made;

Aw =  bw lw = area of winding  windo w.

• kcu  = 0.3 for Leitz wire; kcu  = 0.6 for round

conductors; kcu  0.7-0.8 for rectangula r

conductors.

bobbin

g

hw

>
g

2
wb

A w

airgap

Winding conductor

• kcu < 1 because:

• Insula tion on wire to avoid  shorting  

out adjacent turns in winding.

• Geometric restrictions. (e.g. tigh t-packed

circles canno t cover 100% of a square

area.)

Double-E core example
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B sin( t)

+ -

- + - +

+ -

B sin( t)

Eddy Currents Increase Winding Losses

• AC currents in conductors generate ac

magnet ic fields which in turn generate eddy

currents that cause a nonuni form current

density in the conductor . Eff ective resistance

of conducto r increased over dc value.

• Pw,sp  >  kcu cu (Jrms)2   if conducto r

dimensions greater than  a skin depth.

•
J(r)
Jo

     =  exp({r - a}/) 

•   =  skin  depth =  
2



•   = 2š  f, f = frequency  of ac current

•  = magnet ic permeability of conductor;

 = o for nonmagne tic conduc tors.

•  =  conductiv ity o f conductor material.

• Nume rical example using  copper at 100 C

Frequency 50

Hz

5

kHz

20

kHz

500

kHz

Skin

Depth

10.6

mm

1.06

mm

0.53

mm

0.106

mm

• Mnimize eddy cu rrents using Leitz wire

bundl e. Each conductor in bundle has  a

diameter less than a skin depth.

• Twisting of paralleled wires causes effects of

intercepted flux to be canceled out between

adjacent twists of the conducto rs. Hence little if

any eddy currents.
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Proximity Effect Further Increases Winding Losses

A

B

A

B

100

10

1

3

30

3

1

10
 Eddy 

Current 

Losses

MMF

 a)    d (b)   d 

x x

xx

x

x

x

x

x
x

x
x

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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R
ec

R
dc

d = conductor  

 diameter or     

   thickness

Resistance

d        
opt

Minimum Winding Loss

• Pw = Pdc + Pec  ; Pec  = eddy current loss.

• Pw = { Rdc +  Rec} [Irms]2  = Rac [Irms]2

• Rac =  FR  Rdc  = [1 + Rec/Rdc] Rdc    

Optimum conductor size

• Minimum  winding  loss at optimum conductor size.

• Pw  = 1.5 Pdc

• Pec = 0.5 Pdc

• High frequencies require small conductor sizes minimi ze loss.

• Pdc kept small by putting may small-size conductors in parallel using

Litz wire or thin but wide foil  conductors.
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Thermal Considerations in Magnetic Components

• Losses (winding and core) raise core 

temperature. Common design practice to 

limit maximum interior temperature to 100-125 °C. 

• Core losses (at constant flux density) increase 

with temperature increases above 100 °C

• Saturation flux density Bs decreases with temp. 

Increases

• Nearby components such as power semi-

conductor devices, integrated circuits, capacitors 

have similar limits.

• Temperature limitations in copper windings

• Copper resistivity increases with temperature 

increases. Thus losses, at constant current 

density increase with temperature.

• Reliability 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.

• Psp = 
Ts - Ta

Rsa(Vw + Vc)  ; Rsa = 
h

As

• h = convective heat transfer coefficient =

10 C-m2/W

• As = surface area of inductor (core + winding ).

Estimate using core dimensions and simple

geometric considerations .

• Uncertain accuracy in h and other heat transfer

parameters do not justify more accurate thermal

modeling  of inductor.
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Scaling of Core Flux Density and Winding Current Density

• Power per unit volum e, Psp, dissipated in magnetic

component is Psp  = k1/a ; k1 = constant and

a = core scaling  dimension.

• Pw,sp Vw + Pm,sp Vm   = 
Ts - Ta
Rsa

    :

Ta  = ambient temperature and Rsa =

surface-to-ambient thermal resistance of component.

• For optimal design Pw,sp = Pc,sp = Psp :

Hence Psp = 
Ts - Ta

Rsa(Vw + Vc)   

• Rsa proportion al to a2  and (Vw + Vc)

proportional to a3

• Jrms   = 
Psp

kcu rcu
 = k2

1

kcua
  ;  k2  = constant

• Pm,sp = Psp = k fb  [Bac]d  ; Hence

Bac  = 

d Psp

kfb
  =  

k3

d
fb a

  where k3  = constant

• Plots of Jrms ,   Bac ,  and Psp  versus core size

(scale factor a) for a specific core material, geometry,

frequency, and Ts - Ta valu e very useful for picking

appropriate core size and winding conductor size.
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Example of Power Density and Current Density Scaling

Assumptions

1. Double-E core made from 3F3 ferrite

2. Ts = 100 °C and Ta = 40 °C.

3. Winding made with Leitz wire - kcu = 

0.3 
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Analysis of a Specific Inductor Design

• Inducto r specif ication s

• Maximum cu rrent = 4 am s rms at 100 k Hz

• Double-E core with a = 1 cm using 3F3 fe rrit e.

• Dist ribut ed air-gap with four gaps, t wo in series in each l eg; 

to t al gap lengt h g = 3 mm.

• Winding - 66 t urns of L eit z wire with Acu = 0.64  mm2

• Inducto r surface black with emissivi t y = 0. 9

• Ta,max  = 40  C

fringing      

   flux

g

g

A core

A g

g

a

d

• Find; induct ance L , T s,max ; ef fe ct o f a 25 % ov ercurrent on  T s

• Power d issipation in winding, Pw = Vw kcu cu (Jrms)2 = 3.2  Watt s

• Vw = 12.3  cm3  ( t able of c ore charact eristi cs)

• kcu = 0.3   (L eit z wire)

• cuat 100 C (approx. m ax. Ts) = 2.2 x10 -8  ohm-m

• Jrms = 4/ ( .64 ) = 6.25  A/mm 2

• Power d issipation in 3F3 f errit e core,

Pcore = Vc1.5 x10 -6 f1.3  ( Bac)2.5  = 3.3  W

• Bac    
Ag  o  N 2 I rms

Ac  g
= 0.18  mT; assumes Hg  >>  Hcore   

• Ag  =  ( a + g) (d + g) = 1 .71 c m2 ; g = 3mm/ 4 = .075 mm

• Ac = 1.5  cm2  ( t able of c ore charact eristics

• Vc = 13.5  cm3  ( t able of c ore charact eristics)

• f  = 100  kHz
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Analysis of a Specific Inductor Design (cont.)

• L  =  
N  

I
=  310 H

•  = Bac Ac  = ( 0.18 T )(1 .5x10 -4  m2) = 2.6 x10 -5  W b

• Surface t emperatu re Ts  = Ta  + Rsa (Pw  + Pcore)  = 104  C

•  Rsa = R,rad || R,conv  = 9.8  C/W

• R,rad =  
60

(5.1 )  (0 .006) 














373

100

4
  - 







313

100

4
   

     = 20.1   [ C/W ]

• R,conv  = 
1

(1.34 )(0 .006)
 

4
0.035

60
     = 19.3  [ C/W ]

• Overcurrent of 25 % ( I= 5 am p rms) m akes Ts  = 146  C

• Pw  = ( 3.2 W) (1.25 )2  = 5 W ; Pcore  = ( 3.3 W) (1.25 )2.5   = 5.8  W

• Ts   =   ( 9.8 C/W )( 10.8 W) + 40 C = 146 C

fringing      

   flux

g

g

A core

A g

g

a

d
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Stored Energy Relation - Basis of Inductor Design

• Design consists of the following:

• Selection of core geometric shape and size

• Core material

• Winding conductor geometric shape and size

• Number of turns in winding

• Input specifications for inductor design

• Inductance value L.

• Rated peak current I

• Rated rms current Irms.

• Rated dc current (if any) Idc.

• Operating frequency f.

• Maximum inductor surface temperature Ts

and maximum ambient temperature Ta.

Goal: Minimize inductor size, weight, and cost.

• Design procedure starting point - stored energy relation

• [L I] Irms  = [N  Irms

• N =  
kcu Aw

Acu
 

• = B Acore  ; Irms  = Jrms  Acu

• L I Irms  =  kcu Jrms 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 selec ting kcu, Jrms, B, Aw, and Acore.

Kyyrä Jorma
Typewriter
Note: This slide is very important for the dimensioning of inductors
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Core Database - Basic Inductor Design Tool

Core No. Material AP =

AwAcore

R

T=60 C

Psp @

T=60 C

Jrms @

T=60 C

& Psp

Bac @

T=60 C

& 100 kHz

kcu Jrms B̂    

•Aw A core

• • • • • • • •

8 3F3 2.1

 cm4

9.8 C/W 237

mW/cm3
3.3/ kcu

170 mT .0125 kcu  

• • • • • • • •

• 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 kcu 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 Jrms, B, 

Acu, N, and air-gap length. 

• 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, Aw, Acore, 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. 
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Details of Interactive Inductor Core Database Calculations
• User inputs: L, I, Irms, Idc, f, Ts, Ta, and kcu

• Stored information (static, independent of converter requirements)

• Core dimensions, Aw, Acore, Vc, Vw, 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 I Irms.

2. Compute allowable specific power dissipation Psp = [Ts - Ta] /{ Rsa [Vc + Vw ]}. Rsa = h/As or calculated 

interactively using input temperatures and formulas for convective and radiative heat transfer from Heat Sink 

chapter.

3. Compute allowable flux density Psp = k fb [Bac]
d  and current density Psp = kcu cu {Jrms}

2.

4. Compute core capabilities  kcu Aw Acore B Jrms

• Calculation of inductor design parameters.

1. Area of winding conductor Acu = I / Jrms.

2. Calculate skin depth  in winding.  If Acu > 2at the operating frequency, then single round conductor cannot 

be used for winding.

• Construct winding using Leitz wire, thin foils, or paralleled small dia. (≤ ) round wires. 
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Details of Interactive Core Database Calculations (cont.)

3. Calculate number turns of N in winding: N = kcu Aw/ Acu.

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

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

• Formulas for air-gap length different for different core types. Example for double-E core 

given in next slide.

5. Calculate maximum inductance Lmax that core can support. Lmax = N Acore Bpeak / Ipeak . 

If Lmax > required L value, reduce Lmax by removing winding turns.

• Save on copper costs, weight, and volume.

• Pw can be kept constant by increasing Pw,sp

• Keep flux density  Bpeak constant by adjusting gap length Lg.

6. Alternative Lmax reduction procedure, increasing the value of Lg, 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.
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Setting Double-E Core Air-gap Length

• Set to t al airgap len gt h  L g so t hat Bpeak generat ed at t he p eak 

current Ipeak.

• Lg = Ng g  ; Ng = number o f  dist ribut ed gaps each of l engt h g. 

Distr ibut ed gaps used t o minimize amount of f lux f ringing in t o 

winding and t hus causing addit ional eddy current losses.

• Rm = 
N  Ipeak

 A c  Bpeak
    =  Rm,core + Rm,gap   Rm,gap = 

Lg 

oAg
  

• Lg =   
N  Ipeak  o  Ag

 A c  Bpeak
    

• For a dou ble-E core, Ag = (a + 
Lg

Ng
   )  (d + 

Lg

Ng
   )

• Ag   ad + ( a + d) 
Lg

Ng
   ;   

Lg

Ng
    <<   a

• Insert ion o f expression f or Ag(Lg)  int o expression f or L g(Ag)  

and solving for L g yi elds

Lg  =  
a

 
Bpeak  Ac

d  o  N  Ipeak
 - 

a +  d

d N g

  

• Above exp ression f or L g only v alid for d ouble-E core, but 

similar e xpressions can be developed fo r ot her core shapes.

fringing      

   flux

g

g

A core

A g

g

a

d
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Enter design inputs 

into core database

  Examine database 

outputs & select core

   Neglect skin, 

proximity effects?

Yes

Select wires
Iterative selection of 

conductor type/size.

Estimate L     .  

    Too large?

Finish

No

YesNo

Start

max

Remove turns and   

  readjust airgap

Single Pass Inductor Design Procedure
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Inductor Design Example

• Assemble design input s

• L = 300 microhenries

• Peak current = 5.6 A,

sinewave current, Irms = 4 A

• Frequency = 100 kHz

• Ts = 100 C ;  Ta = 40 C

• Stored energy L I Irms = (3x10-4)(5.6)(4)

= 0.00068 J-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.

kcu Jrms B̂    Aw Acore • 0.0125 kcu 0.0068

for kcu > 0.3

• Database output: R = 9.8 C/W and 

Psp = 237 mW/cm3

• Core flux density B =170 mT from database.

No Idc, Bpeak = 170 mT.

• Winding p arameters.

• Litz wire used, so kcu = 0.3. Jrms = 6 A/mm2

• Acu = (4 A)/(6 A/mm2)  = 0.67 mm2

• N = (140 mm2)((0.3)/(0.67 mm2)  =  63 turns.

• Lmax  =  
(63)(170 mT)(1.5x10-4 m2)

5.6 A     

  290 microhenries

• Lg =  
10-2

 
(0.17) (1.5x10-4)

(1.5x10-2)(4šx10 -7)(63)(5.6)
 - 

2.5x10-2

(4)(1.5x10-2) 

Lg   3 mm

• Lmax  L  so no adjustment of inductance value

is needed.
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Iterative Inductor Design Procedure

• Iterative design procedure essentially

consists of constructing the core

database until a suitable core is found.

• Choose core material and shape and

conductor type as usual.

• Use stored energy relation  to find an

initi al area product AwAc and thus an

initi al core size.

• Use initi al values of Jrms = 2-4 A/mm2

and Bac = 50-100 mT.

• Use initi al core size estimate (value of a in

double-E core example) to find corrected

values of Jrms and Bac and thus corrected value

of kcu Jrms B̂    Aw Acore.

• Compare kcu Jrms B̂    Aw Acore with

L I Irms and iterate as needed into  proper

size is found.

Assemble design inputs

Find maximum inductance

Design airgap length g

Design winding (k    ,J, A    , N)cucu

Set L to design value

Start

No Yes

Select larger core size

Compute  L I I rms

Choose core size using initial  

         values of J and B

Corrected inductance- 

current product greater  

than                 ? 

 

L I I rms

Find allowable power 

dissipation density 
sp

P

Find corrected core flux  

         density       
ac

B

Find corrected peak core flux  

                density B
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Simple, Non-optimal Inductor Design Method

Assemble design inputs

Design winding (k    ,J, A    , N)cucu

Start

No Yes

  Select   

  larger 

core size

Compute  L I I rms

Determine core size using 

assumed values of J and B

   Set airgap length g to 

obtain desired inductance L

Check power dissipation 

and surface temperature. 

           Excessive?.

Done

• Assemble design inputs and compute required LI Irms

• Choose core geometry and core material based on 

considerations discussed previously.

• Assume Jrms= 2-4 A/mm2  and Bac = 50-100 mT and use

LI Irms = kcu Jrms Bac Aw Acore to find the required area 

product Aw Acore and thus the core size.

• Assumed values of Jrmsand Bac based on experience.

• Complete design of inductor as indicated.

• Check power dissipation and surface temperature using 

assumed values of Jrmsand Bac. If dissipation or 

temperature are excessive, select a larger 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 = 1 cm using 3F3 ferrite.

• Ipri = 4 A rms, sinusoidal waveform;

Vpri = 300 V rms.

• Frequency = 100 kHz

• Turns ratio Npri/Nsec = 4 and

Npri = 32.

• Winding window split evenly between

primary and secondary and wound

with Litz wire.

• Transformer surface black (E = 0.9)

and Ta Š 40 C.

• Find:  core flux density,  leakage inductance,

and maximum surface temperature Ts, and

effect of 25% overcurrent on Ts.

• Areas of primary and secondary conductors,

Acu,pri and Acu,sec.

• Aw,pri = 
Npri Acu,pri

 kcu,pri
;  Aw,sec = 

Nsec Acu,sec
 kcu,sec

• Aw,pri + Aw,sec = Aw =  
Npri Acu,pri

 kcu
  +  

Nsec Acu,sec
 kcu

where kcu,pri = kcu,sec = kcu since we assume primary and

secondary are wound with same type of conductor.

• Equal power dissipation density in primary and secondary gives

Ipri
Isec

    =   
Acu,pri
 Acu,sec

     =   
Nsec
Npri

   

• Using above equations  yields Acu,pri = 
kcu Aw
2 Npri

   and

Acu,sec = 
kcu Aw
2 Nsec

  

• Numerical values: Acu,pri = 
(0.3)(140 mm2)

(2)(32)   = 0.64 mm2

and Acu,sec = 
(0.3)(140 mm2)

(2)(8)   = 2.6 mm2
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Analysis of  Specific Transformer Design (cont.)

• Power di ssipati on in winding Pw  = kcu cu(Jrms)2 Vw

• Jrms = (4  A )/ (0.64  mm2)  = (16  A ) / (2 .6 mm 2)  = 6.2 A / mm2

• Pw  = (0 .3)(2 .2x10 -8  ohm-m) (6 .2x10 6 A/ m2)2(1 .23x10 -5  m3)

Pw  =  3 .1 w at t s

• Flux densit y and c ore loss

• Vpri,max  = Npri Ac  Bac = (1 .414)(300 ) = 425 V

• Bac  = 
425

(32) (1.5 x10 -4  m 2)(2 š )(10 5  Hz)
= 0.140 T

• Pcore = (13 .5 c m3)(1 .5x10 -6 )(100  kHz)1.3(140  mT) 2.5  = 1.9 W

• Leakage in duct ance Lleak = 
o(Npri)

2  b w  lw

3  hw

• lw  = 8 a = 8 cm

• Lleak = 
(4 š x10 -7 )(32 )2(0 .7)(10 -2 )(8 x10 -2 )

(3) (2x10 -2 )
   12  microhenries

1.4 a

1.9 a

r adi us = b  / 2
wTop view  

of bobbin

  

wl    = (2)(1.4a) + (2)(1.9a) + 2š (0.35b   ) = 8 aw

Mean turn length l w

b    = 0.7aw 

• Surface te mperat ure Ts.

• Assume R,sa   9 .8 C/ W.

Same geomet ry as induct or.

• Ts = (9 .8)(3 .1 + 1 .9) + 40 = 89 C

• Eff ect of 25 % overcurrent .

• No change in core flu x density .

Constant vo lt age applied t o

primary keeps flu x densit y constant .

• Pw = (3 .1)(1 .25) 2 = 4.8 w at t s

• ` Ts = (9 .8)(4 .8 + 1 .9) + 40 = 106 C
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Sectioning of Transformer Windings to Reduce Winding Losses

• Reduce winding losses by reducing magnetic 

field (or equivently the mmf) seen by 

conductors in winding. Not possible in an 

inductor.

• Simple two-section transformer winding 

situation.

• Division into multiple 

sections reduces MMF and 

hence eddy current losses.
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Optimization of Solid Conductor Windings

b

bo

h

hw

N   turns per layer = 
l

hw

bo

do

d

hw

N   turns per layer = 
l

hw

do

• Nomalized po wer di ssipati on  =

 
Pw

Rdc,h=( Irms)2
    =    

FRRdc

Rdc,h=
 

• Conduct or h eight/ diamet er 
Fl  h



• Fl = copper la yer fact or

• Fl = b/b o  f or r ect angular  conduct ors

• Fl = d/ do  f or r ound c onduct ors

• h = eff ecti ve conduct or hei ght

• h = 
š

4
 d  f or ro und conduct ors

• m = num ber of l ayers
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Transformer Leakage Inductance

• Linear variati on of mmf in winding w indow indicate s

spat ial variat ion of magnet ic flu x in t he window and thu s

incomplet e flu x linkage of primary and s econdary w indings.

• Hwindow  = Hleak = 
2  Npri I pri x

hw b w
    ; 0 < x < b w/ 2

Hleak = 
2  Npri I pri

hw
 (1  - x/ bw)  ;  bw/ 2 < x <  b w

•
Lleak ( Ipri)

2

2
   =  

1

2
 



Vw

o(Hleak)2dV 

• Volume element d V = hw lw(x )dx ; lw(x ) equals t he

lengt h o f th e condu ct or tu rn lo cat ed at p osit ion x.

• Assume  a mean turn l ength l w   8a for d ouble-E

core independent  of x.

•
Lleak ( Ipri)

2

2
   =  (2)  

1

2
  






0

bw/ 2

o[
2  Npri I pri x

hw b w
] 2  hw  lwdx 

• Lleak  =  
o ( Npri)

2   lw b w

3  p2   hw

• If winding is split int o p +1 s ect ions, with p > 1 ,

leakage induc t ance is greatl y reduced.

• Transformer leakage induc t ance causes

ove rvolt ages across power swit ches at t urn-of f .

• Leakage in duct ance caused by magnet ic

f lux which do es not complet ely link pri mary

and secondary windings.
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Volt-Amp (Power) Rating - Basis of Transformer Design

• Design consists of the following:

• Selection of core geometric shape and size

• Core material

• Winding conductor geometric shape and size

• Number of turns in primary and secondary 

windings.

•  Design proceedure starting point - transformer V-A rating S

• S = Vpri Ipri + Vsec Isec = 2 Vpri Ipri

• Vpri  =   Npri 
d
dt   =  

Npri Acore  Bac

2
  ; Ipri  = Jrms Acu,pri

• S = 2 Vpri Ipri  =  2 
Npri Acore  Bac

2
   Jrms Acu,pri

• Acu,pri = 
kcu Aw
2 Npri

   

• S = 2 Vpri Ipri  = 2 
Npri Acore  Bac

2
  Jrms 

kcu Aw
2 Npri

   

• S = Vpri Ipri  = 4.4 kcu f Acore Aw Jrms 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 kcu, Acore, Aw, Jrms, and Bac.

• Input design specifications

• Rated rms primary voltage Vpri

• Rated rms primary current Ipri

• Turns ratio Npri/Nsec

• Operating frequency f

• Maximum temperatures Ts and Ta

Kyyrä Jorma
Typewriter
Note: This slide is very important for the dimensioning of transformers
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Core Database - Basic Transformer Design Tool

• 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 kcu is known.

• Spreadsheet calculates capability of all cores in database and displays smallest size core of each type 

that meets V- I specification. 

• Also can be designed to  calculate (and display as desired) design output parameters including Jrms, B, 

Acu,pri, Acu,sec, Npri, Nsec, and leakage inductance.. 

• 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, Aw, Acore, 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

No.

Material AP =

AwAc

R

T=60 C

Psp @

Ts=100 C

Jrms @

Ts=100 C

& Psp

 B̂rated @

Ts=100 C

& 100 kHz

2.22 kcu f Jrms B̂   AP

(f = 100kHz)

• • • • • • • •
8 3F3 2.1

 cm
4

9.8 C/W 237

mW/cm
3

(3.3/ kcu  

)

•

Rdc
Rac

  

A/mm2

170 mT 2.6x103 •

kcuRdc
Rac

[V-A]

• • • • • • • •
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Details of Interactive Transformer Core Database Calculations

• User inputs: Vpri, Ipri, turns ratio Ndc/ Nsec, f, Ts, Ta, and kcu

• Stored information (static, independent of converter requirements)

• Core dimensions, Aw, Acore, Vc, Vw, 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 = 2 Vpri Ipri

2. Compute allowable specific power dissipation Psp = [Ts - Ta] /{ Rsa [Vc + Vw ]}. Rsa = h/As or calculated 

interactively using input temperatures and formulas for convective and radiative heat transfer from Heat Sink 

chapter.

3. Compute allowable flux density Psp = k fb [Bac]
d  and current density Psp = kcu cu {Jrms}

2.

4. Compute core capabilities  4.4 f kcu Aw Acore Bac Jrms

• Calculation transformer parameters.

1. Calculate number of primary turns Npri = Vpri /{2π f AcpreBac} and secondary turns Nsec = Vsec /{2π f AcpreBac}

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

• Acu,pri = [kcuAw]/[2 Npri] and Acu,sec = [kcuAw]/[2 Nsec] 
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Details of Interactive Transformer Core Database Calculations (cont.)

3. Calculate winding areas assuming eddy current/proximity effect is important

• Only solid conductors, round wires or rectangular wires (foils), used.Jrms = [{Psp Rdc}/{Rac kcu rcu}]1/2

• Conductor dimensions must simultaneously satisfy area requirements and requirements 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).

• Several iterations may be needed to find proper combinations of dimensions, number of turns per layer, 

and number of layers and sections.

• Best illustrated by a specific design example.

4. Estimate leakage inductance Lleak= {µo{Npri}
2 lw bw}/ {3 p2 hw}

5. Estimate Smax = 4.4 kcu f Acore Aw Jrms Bac

6. If   Smax > S = 2 Vpri Ipri reduce Smax and save on copper cost, weight, and volume.

• If Npri w Ac Bac > Vpri, reduce Smax by reducing Npri and Nsec.

• If Jrms Acu, pri > Irms, reduce Acu,pri and Acu, sec.

• If S > Smax by only a moderate amount (10-20%) and smaller than Smax of next core size, increase Smax of 

present core size.

• Increase Irms (and thus winding power dissipation) as needed.Temperature Ts will increase a modest amount 

above design limit, but may be preferable to going to larger core size.
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Enter design inputs 

into core database

  Examine database 

outputs & select core

   Neglect skin, 

proximity effects?

Yes

Select wires
Iterative selection of 

conductor type/size.

Estimate S     .  

    Too large?

Finish

No

YesNo

Start

max

Remove turns 

Single Pass Transformer Design Procedure
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Transformer Design Example

• Using core database, R= 9.8C/W

and Psp = 240 mW/cm3.

• Flux density and number of primary

and secondary turns.

• From core database, Bac = 170 mT.

• Npri = 
300  2

(1.5x10-4m2)(2š) (105Hz)(0.17 T)

= 26.5  24. Rounded down to 24 to increase

flexibility in designing sec tiona lized

transformer winding .

• Nsec = 
24
6   = 6.

• Design inpu ts

• Vpri  = 300 V rms  ; Irms = 4 A rms

• Turns ratio n  = 4

• Operating frequency f = 100 kHz

• Ts = 100 C and Ta = 40 C

• V - I rating S = (300 V rms)(4 A rms)

= 1200 watts

• Core materia l, shape, and size.

• Use 3F3 ferrite because it has largest

performance factor at 100 kHz.

• Use double- E core. Relatively easy to

fabricate winding.

• Core volt -amp rating = 2,600 kcu

Rdc
Rac

  

• Use solid rectangula r conductor for

winding s because of high frequency.

Thus kcu = 0.6 and Rac/Rdc = 1.5.

• Core volt -amp capability = 2,600 
0.6
1.5  

= 1644 watts. > 1200 watt transformer rating.

Size is adequate.

• From core database Jrms = 
3.3

(0.6)(1.5)
  

= 3.5 A/mm2.

• Acu,pri = 
4 A rms

 3.5 A rms/mm2  =  1.15 mm2

• Acu,sec = (4)(1.15 mm2) = 4.6 mm2
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Transformer Design Example (cont.)

• Primary and secondary conductor areas -

proximity effect/eddy currents included.

Assume rectangular (foil) conductors with

kcu = 0.6 and layer factor Fl = 0.9.

• Iterate to find compatible foil thicknesses

and number of winding sections .

• 1st iteration - assume a single primary section

and a single secondary section and each section

having single turn per laye r. Primary has 24

layers and secondary has 6 laye rs.

• Primary layer height hpri = 
Acu,pri
Fl hw

  

= 
1.15 mm2

(0.9)(20 mm)  = 0.064 mm

• Normalized pr imary conductor height

=  
Fl hpri

d  = 
0.9 (0.064 mm)

(0.24 mm)   = 0.25 ;

= 0.24 mm in copper at100 kHz and 100 C.

• Optimum normalized primary conductor height

 = 0.3 so primary winding design is sat isfactory.

• Secondary layer height hsec= 
Acu,sec
Fl hw

  

= 
4.6 mm2

(0.9)(20 mm)    0.26 mm.

• Normalized secondary conductor height

=  
Fl hsec

d  = 
0.9 (0.26 mm)
(0.24 mm)   = 1

• However a six laye r section has an optimum

= 0.6. A two layer section has an optimum

= 1. 2nd iteration needed .

• 2nd iteration - sectionalize the windings .

• Use a secondary of 3 sections, each having  two

layers, of height  hsec = 0.26 mm.

• Secondary must have single turn per layer.

Two turns per layer would  require hsec = 0.52 mm

and thus = 2. Examination  of normalized power

dissipation  curves shows no optimum = 2.
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Transformer Design Example (cont.)

• 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 .

Turns/

layer

hpri No. of

Layers
 Optimum



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 

Two outer sections  have one layer each andnot

optimum,but only  results in slight  increase in loss

above the minimum.

• Leakage inductance Lleak

= 
(4š x10-9)(24)2(8)(0.7)(1)

(3)(6)2(2)
  = 0.2 H

• Sectionalizing in creases capacitance

between windings  and thus lowers the

transformer self-resonant frequency.

• Smax = 1644 watts

• Rated value of S = 1200 watts only

marginally  smaller than Smax. Little to

be gained in reducing Smax to S unless a

large number of transformer of this design

are to be fabricated.
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Assemble design inputs

Find maximum V - I rating

Estimate leakage inductance

Start

No Yes

Select larger core size

Choose core size using initial  

         values of J and B

Find allowable power 

dissipation density 
sp

P

Find corrected core flux  

         density       
ac

B

Compute  2 V    I
pripri

Find corrected current  

         density J rms

Design windings ( cu,priA

cu,secA
priN

secN

,

,

,

)

Corrected V-I rating greater  

       than 2 V     I      ?pripri

Set S       to desired Smax

End

Iterative Transformer Design Procedure

• Iterative design procedure essentially

consists of constructing the core

database until a suitable core is found.

• Choose core material and shape and

conductor type as usual.

• Use V - I rating   to find an initial area

product AwAc and thus an initial core size.

• Use initi al valu es of Jrms = 2-4 A/mm2

and Bac = 50-100 mT.

• Use initi al core size estimate (valu e of a in

double-E core example) to find corrected

values of Jrms and Bac and thus corrected

value of 4.4 f kcu Jrms B̂    Aw Acore.

• Compare 4.4 f kcu Jrms B̂    Aw Acore with

2 Vpri Ipri and iterate as needed into proper

size is found.
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Simple, Non-optimal Transformer Design Method

Assemble design inputs

Start

No Yes

  Select   

  larger 

core size

Determine core size using 

assumed values of J and B

Check power dissipation 

and surface temperature. 

           Excessive?.

Done

Compute 2 V     Ipri pri

NpriDesign winding ( A
cu,pri

A cu,sec Nsec
,

, ,

)

Set S       to desired Smax

• Assemble design inputs and compute required 2 Vpri Ipri

• Choose core geometry and core material based on 

considerations discussed previously.

• Assume Jrms= 2-4 A/mm2  and Bac = 50-100 mT and use

2 Vpri Ipri = 4.4 f kcu Jrms Bac Aw Acore to find the required area 

product Aw Acore and thus the core size.

• Assumed values of Jrmsand Bac based on experience.

• Complete design of transformer as indicated.

• Check power dissipation and surface temperature using 

assumed values of Jrmsand Bac. If dissipation or 

temperature are excessive, select a larger 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..




