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Greatly reduces the peak MMF, leakage flux, and proximity losses




A partially-interleaved transformer

For this example,

there are three Secondary Primary Secondary
primary layers
and four (? (? @ [® |® @ @
secondary layers. =17 ! ! ! 2 =3
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Discussion: design of winding geometry
to minimize proximity loss

* Interleaving windings can significantly reduce the proximity loss when

the winding currents are in phase, such as in the transformers of buck-
derived converters or other converters

* In some converters (such as flyback or SEPIC) the winding currents are

—outefphase. Interleaving then does little to reduce the peak MMF and

proximity loss. See Vandelac and Ziogas [10].

* Forsj idal winding currents, there is, argoptimal conductor thickness
nea hat minimizes copper loss. 0<

* Minimize the numberaflayers. Use a core geometry that maximizes
the width ¢, of windings.

* Minimize the amount of copper in vicinity of high MMF portions of the

windings <// d/b/
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Litz wire

— —

* A way to increase conductor area while maintaining low
praximi S

* Many strands of small-gauge wire are bundled together and are
externally connected in parallel

» Strands are twisted, or transposed, so that each strand passes
equally through each position on inside and outside of bundle.
This prevents circulation of currents between strands.

+ Strand diameter should be sufficiently smaller than skin depth
* The Litz wire bundle itself is composed of multiple layers

« Advantage: when properly sized, can significantly reduce
proximity loss

* Disadvantage: inereased cost and decreased amount of copper
within core window

13.5. Several types of magnetic devices, their
B-H loops, and core vs. copper loss

A key design decision: the choice of maximum operating flux density B

max

+ Choose B,,,. to avoid saturation of core, or
+ Further reduce B, , to reduce core losses
Different design procedures are employed in the two cases.

Types of magnetic devices:

Filter inductor AC inductor
Conventional transformer Coupled inductor
Flyback transformer “SEPIC transformer

—Wagnetic amplifier Saturable reactor




Filter inductor

CCM buck example

L B
B

Minor B-H loop, —|
S Jilter inductor

SBOO L
S i — l

@ S, si,
"' T ™~ B-H loop,

large excitation

nitt) R

HO=7"7 + =7,

Filter inductor, cont.

proximity loss i(r)
- Loss dominated V:',) n b -

Core reluctance #,

Negligible core lnss, negligible 2 /
d

77

turns

loss reluctance

[ b R
+ Flux density chosen simply to ¢
avoid saturation
+ Air gap is employed
+ Could use core materials P
having high-saturation flux K

density (and relatively high

core loss), even though

converter switching frequency ni(t) e @ &<,
is high




AC inductor

B-H loop, for ~AB

B,

B o

sal

i) operation as
i S ac inductor
A /_/ AH,
= [

L

AH

-AB

- Core B-H loop

Ty

AC inductor, cont.

« Core loss, copper loss, proximity loss are all significant
—————

+ An air gap is employed
+ Flux density is chosen to reduse-core loss

« A high-frequency material (ferrite) must be employed

———




Conventional transformer

{{U nin, ir(1) B,
+ iy . +
V(0 L, H vy(1) M
B (P Q _ 2n A,
B-H loop, for —__|

operation as
conventional Y

v Area h,

transformer /. Y

r Core B—H loop

i (1)
(

H(t)=

n

Conventional transformer, cont.

RS ¥
+ Core loss, copper loss, and proximity loss are usually significant
* Noairgapis emglo!ed

+ Flux density is chosen to reduce core loss

A high frequency material (ferrite) must be employed




Coupled inductor

(1)
Two-output l .

forward converter
example

)

B

Minor B-H loop,
coupled inducior |

R

() + gl R
£,

R+ R h I~ B-H loop,
large excitation

H.(1)=

Coupled inductor, cont.

« Afilter inductor having multiple windings

« Air gap is employed

+ Core loss and proximity loss usually not significant
+ Flux density chosen to avoid saturation

+ Low-frequency core material can be employed




DCM flyback transformer

B-H loop, for—___|
operation in

AB

/ AB
74

DCM flyback

converter

iy R, H.

[ R AR .

- Core B—H loop

i

i(1)

iy (1)

!

¢y pk

DCM flyback transformer, cont.

Core loss, copper loss, proximity loss are significant

Flux density is chosen to reduce _core loss
————

I . o

A high-frequency core material (ferrite) must be used




Chapter 14 Inductor Design

14.1 Filter inductor design constraints
14.2 A step-by-step design procedure

14.3 Multiple-winding magnetics design using the
K, method

14.4 Examples
14.5 Summary of key points
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14.1 Filter inductor design constraints

Objective:

L Design inductor having a given

© which carries worst-case current I without saturating,
it —

and which has a givenwindi i , or, equivalently,
exhibits a worst-case copper loss of
2
P( i = INHJ R
T—
Example: filter inductor in CCM buck converter
I

> /BOO L i(0)
Vs

I

Vv

AA
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Assumed filter inductor geometry

Core reluctance 4,

"4

D * -
"\ &,
i N\
+ N
o) Iurn:' i A Ailr gap
= N reluctance ; + p
3 #, ni(r) _) @ S,
N~/
Solve magnetic circuit:
R = L ni= q>(_wv+ /f)
8| c w A 8
e (&
. Usually #, < 4, and hence
R = 8 8
A MDAL
& = Bhe
Fundamentals of Power Electronics 3 Chapter 14: Inductor design

14.1.1 Constraint: maximum flux density

Given a peak winding current /,, it is desired to operate the core flux
density at a peak value B,,,.. The value o{(B,,) is chosen to be less

than the worst-case saturation flux density B, , of the core material.
From solution of magnetic circuit:

ni=BA R

pr——

Let I = IHIUX and B = BHT(L\' :
I

\ l
nf’”’“-'f A e ’Jj')e‘a‘ =B max ”'_:)

This is congtraint#1. The turns ratio »axd air gap Ieng@re
unknown.
Fundamentals of Power Electronics 4 Chapter 14: Inductor design




14.1.2 Constraint: inductance

Must obtain specified inductance L. We know that the inductance is
—

= n,l — MOA(:HZ
L= R, L,
—_—

igs constraint #2. The turns ra@ore ard air gap length
w unknown.

Fundamentals of Power Electronics 5 Chapter 14: Inductor design

14.1.3 Constraint: winding area

Wire must fit through core window (i.e., hole in center of core)
i)

(7
\\ core

wire bare area -]

Total area of Ay
copper in window:

nA P

— | area W,

Area available for winding

co%uct:)rs: o L i<u . i

Third design constraint:
KW,znAy
——

Fundamentals of Power Electronics & Chapter 14: Inductor design

| core window




The window utilization factor K,
also called the “fill factor”

———

K, is the fraction of the core window area that is filled by copper
Mechanisms that cause K, to be less than 1:

* Round wire does not pack perfectly, which reduces K, by a
factor of 0.710-0.55 depending on winding technique

* Insulation reduces K, by a factor 0£9-85.10 0.65, depending on
wire size and type of insulation

+ _Baobhin uses s indow area

+ Additional insulation may be required between windings
Typical values of K, :

0.5 for simple low-voltage inductor

0.25 to 0.3 for off-line transformer

0,05 to 0.2 for high-voltage transformer (multiple kV)

0.65 for low-voltage foil-winding inductor

Fundamentals of Power Electronics 7 Chapter 14: Inductor design

14.1.4 Winding resistance

The resistance of the winding is
l
R= b
==P7,
——
where p is the resistivity of the conductor material, ¢, is the length of
the wire, and A, is the wire bare area. The resistivity of copper at
room temperature is 1.724-10-° Q-cm. The length of the wire comprising
an n-turn winding caln be expressed as
=n(MLT)

where (MLT) is the mean-length-per-turn of the winding. The mean-
length-per-turn is a function of the core geometry. The above
equations can be combined to obtain the fourth constraint:

) = Care 6@0"1(5"\(

select
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14.1.5 The core geometrical constant K,

The four constraints:

2 A, n?
(I) 1 e = Bax A ¢ /f =B, !i L= "Z?g = % (37
(Z) KW, =nAy R=p n (leT) ((43

These equations involve the quantities

A, W,, and MLT, which are functions of the core geometry,

1

other known quantities, and

L B 1 2o L, K, R, @and_p, which are given specifications or

n, L, and A]i hich are unknowns.

Eliminate the three unknowns, leading to a single equation involving
the remaining quantities.

Fundamentals of Power Electronics 9 Chapter 14: Inductor design

Core geometrical constart

leads to (/

pL*I:

BIZ”M’RE‘_) R $?)ﬂ(,l‘cd b‘;seJ On

Elimination of n, ¢, and

ollowcble Ry
+ Right-hand side: specifications or other known quantities

+ Left-hand side: function of only core geometry

So we must choose a core whose geometry satisfies the above
equation.

The core geometrical constant K|, is defined as

AW,
1775}
p——-...

Fundamentals of Power Electronics 10 Chapter 14: Inductor design




Discussion

AW, _ pI'T,)

=
OILT) * G ofK.
K isa figure-of-merit that describes the effective electrical size of magnetic

cores, in applications where the following quantities are specified:
—=+ Copper loss
—® Maximum flux density

How specifications affect the core size:
A smaller core can be used by increasing

B,,,, = use core material having higher B, B~ A \/[f\ at
nAc

R = allow more copper loss

Gt
How the core geometry affects electrical capabilities: crle
_Alarger K, can be obtained by increase of
A, = more iron core material, or
W, = larger window and more copper
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14.2 A step-by-step procedure
The following quantities are_specified, using the units noted:
Wire resistivity é\ (Q-cm)
Peak winding current e (A)
Inductance QIN‘*.‘ (H)
Winding resistance A (Q)
Winding fill factor
Core maximum flux density Bsaf (D)
The core dimensions are expressed in cm: .
Core cross-sectional area A, (cm?) P“-I V‘“I (ans')f\l_’lhf\
Core window arca w, (cm?) Olt (dre
Mean length per turn MLT (cm)

The use of centimeters rather than meters requires that appropriate
factors be added to the design equations.

Fundamentals of Power Electronics 12 Chapter 14: Inductor design




Determine core size

pLzlﬁmx \lls 5
’1&2732 RK, 10 (cm®)

max

Choose a core which is large enough to satisfy this inequality
(see Appendix D for magnetics design tables).

Note the values of A_, W,, and MLT for this core.

Fundamentals of Power Electronics 13 Chapter 14: Inductor design

Determine air gap length

_MOLI}Z 4
- Eg—jB 10 (m)

with A_ expressed in cm?. p, = 47107 H/m.
The air gap length is given in meters.

The value expressed above is approximate, and neglects fringing flux
and other nonidealities.

Fundamentals of Power Electronics 14 Chapter 14: Inductor design




Ap

——

Core manufacturers sell gapped cores. Rather than specifying the air
gap length, the equivalent quantity A, is used.

A, is equal to the inductance, in mH, obtained with a winding of 1000
turns.

When A, is specified, it is the core manufacturer’s responsibility to
obtain the correct gap length.

The required A, is given by:

. Units:
10B2 A? 2
A, =——m<  (mH/1000 turns) 4, om?,
lea,\' L Henries,
B,. Tesla.
L=A,n*10"7 (Henries)
15 Chapter 14: Inductor design

Fundamentals of Power Electronics

Determine number of turns n

n= leax 104
B, A,

max:

Fundamentals of Power Electronics 16 Chapter 14: Inductor design




Evaluate wire size

(cm?)

Select wire with bare copper area A, less than or equal to this value.
An American Wire Gauge table is included in Appendix D.

As a check, the winding resistance can be computed:

n (MLT
R=PTMLT) g
A,
17 Chapter 14: Inductor design
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14.3 Multiple-winding magnetics design
using the K, method

The K, design method can be extended to multiple-
winding magnetic elements such as transformers and

coupled inductors.
<% This method is applicable when
— Copper loss dominates the total loss (i.e. core loss is

ignored), or

— The maximum flux densit is a specification rather than
a quantity to be optimized

To do this, we must
— Find how to allocate the window area between the windings

— Generalize the step-by-step design procedure

Fundamentals of Power Electronics 18 Chapter 14: Inductor design




14.3.1 Window area allocation

Given: application with k windings

: }’J.l n2
having known rms currents and ~ .
desired turns ratios rms (;m-e.., . . rins [.-’.m-m
1 2
i) _ v _ vl
n, T ony, T T Ny
Core |

rms current
I,

- Window area W,

<

Core mean length
per turn (MLT)

o F!J:
Wire resistivity p

@Q: how should the window
Fill factor X, area W, be allocated among
the windings?

Fundamentals of Power Electronics 19 Chapter 14: Inductor design

Allocation of winding area

indi ] XX XX
Winding 1 allocation > >
= alWA 'a's <>
Winding 2 allocation | fRRRBRIRRIREY
W, |
Total window
|~ W
efc. arca W,
O<a;<1

o, ta,+ e to =1

Fundamentals of Power Electronics 20 Chapter 14: Inductor design




Copper loss in winding j

Copper loss (not accounting for proximity loss) is
2
Py = 1R,
—

Resistance of winding j is

£.f
— Rjzp

Ay ;
with
__<= i=n;MLT) length of wire, winding j
W,.K o,
A, =2 wire area, winding j
— wi=n; , g.J
Hence )
n% (MLT) S ;i3P(MLT)
Rj= p WAK”(]',- — WAKuaj
—_—
Fundamentals of Power Electronics 21 Chapter 14: Inductor design

Total copper loss of transformer

Sum previous expression over all windings: J

252
_ _PMLT) & [T}
P:‘u,m.‘ - Pm.] + P{'H.Z + + P{'u‘k - W/\Ku IZI (lj
_———

—_
Need to select values for o, a,, ..., o, such that the total copper loss
is minimized

Fundamentals of Power Electronics 22 Chapter 14: Inductor design




Variation of copper losses with o,

Copper
loss

For a; = 0: wire of
winding 1 has zero area.
, tends to infinity

For a, =1: wires of
remaining windings have
zero area. Their copper
losses tend to infinity

There is a choice of «;
that minimizes the total
copper loss

Fundamentals of Power Electronics 23 Chapter 14: Inductor design

Method of Lagrange multipliers

to minimize total copper loss

Minimize the function
Pr =Py + P e+ Py = 2 gy I];T) > ( )
subject to the constraint
Oy + 0+ == + o =1
Define the function
flay, oy, - @, B) =Py, 0, -os o) + 8 gloy, o, =, o)

where )
glay, 0y, e o) =1- gl Q;

is the constraint that must equal zero

and § is the Lagrange multiplier

Fundamentals of Power Electronics 24 Chapter 14: Inductor design




Lagrange multipliers

continued
Optimum point is solution of Result:
the system of equations i 2
= P (MLT) i nl| =p
af(als 025 T, akaE) — 0 WAKu Jj=1 e ——
oo, /
df(aLy, O,y ==+, ,E) -0 am:M
da, 2 n.l.
: =
af(als aZ’ ) aka%) _ 0
aaL, = An alternate form:
af(alv Ay, ==, ab&) =0
g
Fundamentals of Power Electronics 25 Chapter 14: Inductor design

Interpretation of result

o, = Valn
Apparent power in winding j is
Vi
where V, is the rms or peak applied voltage

I; is the rms current

Window area should be allocated according to the apparent powers of
the windings

Fundamentals of Power Electronics 26 Chapter 14: Inductor design
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Example

PWM full—bridge transformer

i,(1) I
> > H——.—rm\—
é ] J'i2 turns
n, turns { 3} [—
—
E I n, turns 7 My
- ny
—t— <[ ]
i) T 0 0 r
Y
+ Note that waveshapes il
(and hence rms values) 0
of the primary and ? I
secondary currents are S 0.5¢ o 0.51 B
different ]
(0 7
+ Treat as a three- 0.51 e 0.5
winding transformer % 0 l
0 1278 T, T,+DT, 2T, ¢
Fundamentals of Power Electronics 27 Chapter 14: Inductor design

Expressions for RMS winding currents

27T,

see Appendix A

Fundamentals of Power Electronics

T iy
1= i2@dt =221 VD
s Jo n,

Lj"ii(r)d: =L1JT+D

i)

ny

n

ip(1) I

1 osi ost T

o |
i5(1) I
0.57 1 0.51
0 ] |
0 pr, T, 1,+DT, 2,
28 Chapter 14: Inductor design




lem

Allocation of window area: @.==""—
2 Vi,

n=1

Plug in rms current expressions. Result:

o, = S S— Fraction of window area
1+ 1+D allocated to primary
= D winding
el 1 Fraction of window area
dy=0;=5 ——————~
: D allocated to each
1+ T+D secondary winding
Fundamentals of Power Electronics 29 Chapter 14: Inductor design

Numerical example

Suppose that we decide to optimize the transformer design at the
worst-case 0 ing point D = 0.75. Then we obtain

The total copper loss is then given by

_ p(MLT) (< :
> P(u,:m—W 21 n;l;

NS

_ p(MLT)niI?

_i(1+2o+2\/m)

WAK!,(

Fundamentals of Power Electronics 30 Chapter 14: Inductor design




14.4.2 Example 2: CCM flyback transformer

Q}; iy (1)

Transformer model Iy

7777777777777 f Aiy,

0 [

ro v,
«~ DT, —> B
0
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Specifications
-_—

Input voltage V, =200V
Output (full load) 20Vat5 A
Switching frequency 150 kHz
Magnetizing current ripple  20% of dc magnetizing current
Duty cycle D=04
Turns ratio — nyn; =0.15

Copper loss 1.5W
Fill factor K,=03

Maximum flux density B,,.=025T

Fundamentals of Power Electronics 34 Chapter 14: Inductor design




Basic converter calculations

Components of magnetizing
current, referred to primary:

[} 1LV _
IM'(nI)D’ R=125A
Aiyy = (20%)1,, =025 A

I =Tn + Ay = 1.5 A

Choose magnetizing inductance:

RMS winding currents:

8y,

5
1,=1,VD 1+%( ):0.796A
"M

—_—

. 2
Izz%w-/ﬁ 1+%(ﬂ) =6.50 A

1,,,,:11+%12=1‘77A
1

V.DT.
L — 8 §
M= AL,
=1.07mH
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Choose core size
= l)"‘i!"ﬂsx‘!if.rr;u_\' 0&
g 2
]; max {)e " Kﬂ

(1.?24‘ 10 “Q-cm](lm- 10 H)E[].?T A)(1.5A)°

=0.049 cm?®

The smallest EE core that satisfies
this inequality (Appendix D) is the
EE30.

—

Fundamentals of Power Electronics 57

10%

(025 T)(1.5 W)(0.3)

\
-

]

11

A
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Choose air gap and turns

2
@ uoé‘é\/![:,nmx 104

max**c

(4 10 7H/m|(1.07- 10 B)(15A)

= : 10
25 T)*(1.09 cm?)
n = —LEI{MX'f"‘ 10* ny= (:—T] ny

{10710 H)(15 A) - =(0.15) 59

(0.25T)(1.09 cm?) =881
—=38Zltums
Roundto (=59 nzi
37 Chapter 14: Inductor design
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Wire gauges

. (0796 A)
. =%=m=@i”
(9)(6.5 A

use #28 AWG

use #19 AWG
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Core loss

CCM flyback example
B-H loop for this application: The relevant waveforms:
B(1), 50
Bm‘, b Bm(u : AB
max | /A;/x ‘\/
nA,
H(0) 0
Minor B-H loop, Va0 v,
CCM flyback —
example DT, —
0 s
[~B-H loop.,
large excitation
B(1) vs. applied voltage, dB(t)  vyu(D) For the first dB(1) V,
from Faraday’s law: ar - A, subinterval: di " nA,
Fundamentals of Power Electronics 39 Chapter 14: Inductor design
F e'(kl)‘» & W(“ tnd\de
e
e loso ()‘5 R pp°
a core b _> nee

Calculation of ac flux density lo' mosy Che
and core loss

Solve for AB:

(hd\- C,. 1 I’ 7 II’ II’
v, g ; T
AB=|—%|(DT,) > ,\’%( Wi g 7 ST VAW
nA, E 1 ¥ = w7 q Ag/l*-'
o 2 o LS
Plug in values for flyback "E 2 /4 / /1_/
example: z § S
(200 v)(0.4)(6.67 us) = / / ) /L g
~ 2(59)(1.09cm?) — l/' VR 7
=0.041T ll / / l!
From manufacturer’s plot of core %ﬁ‘c‘mj 7 7 / /
loss (at left), the power loss density /
is 0.04 W/cm?. Hence core loss is :
P, =(0.04 Wiem?®)(4,¢,,) / /||
=1{0. fem’ )(1.09 cmz){5,77 cm) i 0.01 f 01 03
=025W 0.041 AB, Tesla
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Comparison of core and copper loss

+ Copperlossis 1.5 W
— does not include proximity losses, which could substantially increase
total copper loss
+ Corelossis 0.25 W
— Core loss is small because ripple and AB are small

— Itis not a bad approximation to ignore core losses for ferrite in CCM
filter inductors

— Could consider use of a less expensive core material having higher
core loss

— Neglecting core loss is a reasonable approximation for this
application
» Design is dominated by copper loss

— The dominant constraint on flux density is saturation of the core,
rather than core loss
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14.5 Summary of key points

1. A variety of magnetic devices are commonly used in switching
converters. These devices differ in their core flux density
variations, as well as in the magnitudes of the ac winding
currents. When the flux density variations are small, core loss can
be neglected. Alternatively, a low-frequency material can be used,
having higher saturation flux density.

2. The core geometrical constant K, is a measure of the magnetic
size of a core, for applications in which copper loss is dominant.
In the K, design method, flux density and total copper loss are
specified.

Fundamentals of Power Electronics 42 Chapter 14: Inductor design




