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Coileraft

Selecting Magnetics for High Frequency Converters

The Challenge:

Hypothetically, a small- to medium-sized power converter
manufacturer with limited resources is facing the problem of making
their products much smaller, presumably by converting to a higher
frequency to shrink the magnetics and capacitors. What issues do
they need to confront, and what problems do they need to solve?
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Getting started:

Typical questions:

e What’s the best core material?
e What’s the best core shape?

e How do | understand core loss?
e  What inductor should | use?

Must consider:

e How much ripple current is expected?

e  What is the ratio of ripple current to dc current?
e Switching frequency?

* Steinmetz equation?

e Skin effect?
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Selecting Magnetics for High Frequency Converters

Example #1: Why High Frequency?

600 kHz 4 Vea - o 2 MHz
In |3 Vin min. (Volts) |3 Vin min. (Volts)
|6 Vin max. (Volts) + - . |6 Vin max. (Volts)
Vin Vf Vout

Out |1.8 Vout (Volts)

|2 lout max. (dc Amps)
|600 Frequency (kHz)

Typical buck converter

Vm(max) — Vear — Vour

|1.8 Vout (Volts)
|2 lout max. (dc Amps)

Izooo Frequency (kHz)

|4o% . Max ripple current L= AL |40% V]  Max ripple current
|3_04 L min. (uH) |0_91 L min. (uH)

|2.4 Isat (A) |2.4 Isat (A)

|2 1 ms (A) |2 L mms (A)
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Selecting Magnetics for High Frequency Converters

Example #1: Why High Frequency?

600 kHz

+ Vsat -

In |3 Vin min. (Volts)
|6 Vin max. (Volts) + _ .
vf Vout

Vin

Out |1.8 Vout (Volts)
|2 lout max. (dc Amps)

|500 Frequency (kHz)
|4o% . Max ripple current

|

|3_04 L min. (uH)

|2_4 Isat (A)
2 1ms(A)

Typical buck converter

Vm(max) — Vear — Vour

L=
AlL

—_— €

Typical ferrite cores

2 MHz

|3 Vin min. (Volts)
|6 Vin max. (Volts)

|1.8 Vout (Volts)
|2 lout max. (dc Amps)

|2000 Frequency (kHz)
[40%]v]  Max ripple current

|

|0_91 L min. (uH)

4 lsat(A)
2 1ms(A)
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Example #1: Why High Frequency?

+ Vsat = \ Tout
+ - +
Vin Vf Vout
- + -

Typical buck converter

In |3 Vin min. (Volts)
|6 Vin max. (Volts)

Out |1.8 Vout (Volts)
|2 lout max. (dc Amps)

|500 Frequency (kHz)
|40% . Max ripple current

600 kHz 2 MHz
[304  Lmin. (uH) [oe1 L min. (uH)
|2.47Isat§A1 |2.4—Isar (A)
2 Lms(A) 2 1ms(A)

v

\’
Success!

L
Isat
DCR

Size
PCB Area
Inductor Volume

3.3 pH 1.0 pH

26A 25A

.066Q 0750
5x5x%x3(mm) 3x3x1.5{mm)

25 mm? 9 mm?

75 mm3 13.5 mm?
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Example #1: This seems easy.
What about total losses?

The move frOm 600 kHZ up to Inductor losses and temperature rise at 600 kHz, 2 A rms, 0.8 A pk-pk
2 MHz does not seem to =

introduce any significant new ——

loss mechanism

I 252 mW

Inductor losses and temperature rise at 2000 kHz, 2 A rms, 0.8 A pk-pk

Losses are mostly DCR <otal Losses
conduction losses in both cases CoreLoss WEE DCR Loss

I —— 280 MWV
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Example #2: Higher Current

600 kHz v 1 6 MHz
out
\n [B____ Vinmin.(vols) R [ Vin min. (Volts)
|48 Vin max. (Volts) 4 _ N |48 Vin max. (Volts)
Vin Vf Vout
Out [5 Vout (Volts) - * - [5 Vout (Volts)
|6 lout max. (dc Amps) |6 lout max. (dc Amps)
‘ Typical buck converter
|600 Frequency (kHz) |6000 Frequency (kHz)
[40%[¥] Max ripple current L = Vin(mas) _Mfm = Vou [40%[v]  Max ripple current
[3:49 L min. (uH) Typical composite i ? ] 035 L min. (uH
2 Isat(A) —2 powder core with | § 1 € 72 Isat (A)
3 Lrms (A) soft saturation oo ! 6 Lrms (A)
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Example #2: Higher Current — No Size Reduction!

600 kHz v 1 6 MHz
out
\n [B____ Vinmin.(vols) R [ Vin min. (Volts)
|48 Vin max. (Volts) 4 _ N |48 Vin max. (Volts)
Vin vi Vout
Out |5 Vout (Volts) - + - |—5 Vout (Volts)
6 lout max. (dc Amps) |6 lout max. (dc Amps)
‘ Typical buck converter
[poo Frequency (kHz) |sooo Frequency (kHz)
[40%[¥] Max ripple current L = Vin(mas) _Mfm = Vou [40%[v]  Max ripple current
‘l' The same size! ‘l'
[3.49 L min. (uH ) (7X7X3 mm) 0.35 L min. (uH
I Isat (A) <€ 7.2 Isat (A)
2 [rms A) What happened? f Lrms (A)
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Example #2: A closer look shows significant AC loss

* Acloser look at the performance 600 kHz
at 600 .kHz show§ an ipductgr E® Lmin. wH
operating well within its ratings 2 lsat(d) —>
* The total loss of 777 mW produces z Irms (A)
self-heating 16° C temperature
rise, well below the inductor max

Inductor losses and temperature rise at 600 kHz, 5 A rms, 2 A pk-pk

Total losses Part temperature
rating Of 165° C Core Loss M DCR at 25°C ambient
* Asignificant portion of the total —_TT M _— e (1657 MaxRaing

loss is core loss, which varies with
both AC ripple current and
frequency

10



Selecting Magnetics for High Frequency Converters

Example #2: Let’s compare total losses

A view of total inductor loss
shows core loss to be the
dominant loss mechanism

In fact, the higher frequency has
allowed an inductor choice with
10x less DCR, but still the overall
loss is almost 2x

This seems to be the classic case
of concern when considering high
frequency switching

N

L=3.3 uH
DCR=22mQ
Isat=12.3 A

Inductor losses and temperature rise at 600 kHz, 6 A rms, 2.4 A pk-pk

Total losses
Core I DCR

\-

Part temperature
at 25°C ambient

P 1151 MW . 49°C (165° C Max Rating)

L=.30 uH
DCR=2mQ
Isat=41A

Inductor losses and temperature rise at 6000 kHz, 6 A rms, 2.4 A pk-pk

Total losses
Core ! DCR

Part temperature
at 25°C ambient

W 2062 mW e 87°C ( 165° C Max Rating )
11
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Different Results

1. The first example shows no problem to increase
switching frequency as a means to reduce inductor size

2. The second example shows no advantage to higher
frequency

How do we understand the difference,
and what can be done in the second case?

12
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Steinmetz Equation

Pcore = K(f)*(B)Y

e K, X, Y are material properties
o X,Y >1

13
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Steinmetz Equation

Pcore = K(f)*(B)Y

e K, X, Y are material properties
o X,Y >1

14
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Example #2: What if we lowered the frequency?

600 kHz 2 MHz
) . + Vsat - Tout
In |4s Vin min. (Volts) TV |48 Vin min. (Volts)
48 Vin max. (Volts 48 Vin max. (Volts
e (Votts) \ ) . e (Volts)
Vin Vf Vout
Out |5 Vout (Volts) - + - |5 Vout (Volts)
|6 lout max. (dc Amps) |6 lout max. (dc Amps)
|
Typical buck converter Ii
|6007 Frequency (kHz) 2000 Frequency (kHz)
Vin - Vsa - Vou I 0. i
Max ripple current L -l Al — L vaxipple current

Fao wy = Typical composite | e | [1. L min. (uH)
3.49 L min. (uH 1.05 min

|7.2 Isat (A)
|7.27Isat§A) > € - Isa N

| rms (A)
|6 Irms (A)

Typical composite i .? ]
powder core with | ¥ !
soft saturation oo !

15
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Example #2: What if we lowered the frequency?

Picking 2 MHz instead of 6 MHz does provide a solution, however
the losses/efficiency are not likely to be acceptable with inductor
temperature rise > 60° C.

Inductor losses and temperature rise at 2000 kHz, 6 A rms, 2.4 A pk-pk

[48 Vin min. (Volts) T"“'rL"f“s Part Wmperahre
2 vim max. (VOItS) ll NeW L : - I 1516 mW i 89:: . 165°C Max
[F Vout(Vols) [o5 L min. (ut) T
|6 lout max. (dc Amps) |7'2 Isal (A)

|6 Irms (A)
|2000 Frequency (kHz)
|40%. Max ripple current Reduced Size > Ax4x2 mm 7% 7x3 mm

(2 MHz) (600 kHz)

16
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Steinmetz Equation

Pcore = K(f)*(B)Y

e K, X, Y are material properties
o X,Y >1

17
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Example #2: What about increased L?

(and lower ripple current)

Picking 6 MHz and higher L reduces the ripple current. Total loss
is reduced to an acceptable combination with 40° C temp rise.

Inductor losses and temperature rise at 6000 kHz, 6 A rms, 0.9 A pk-pk

. . Total losses Part t t
|48 V"n min. (VOItS) i N L Core W DCR ata25ng:n;|::t:iae:‘|‘tre
|48 Vin max. (Volts) ew
D 1217 MWV e 55°C 165°C Max
0.93 L min. (uH
5 Vout (Volts) | L min. (uH) T

|a lout max. (dc Amps) |6'45 lsat (A)

|6 Irms (A) é
|5000 Frequency (kHz)

[16%[V] ~ Max ripple current Reduced Size — 4x4x2mm 7x7%x3mm
(6 MHZ) (600 kHZ) 18
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Generalized Power Inductor Design Challenge:

Thegoal is to maximize the (L x Isat) product,
and at the same time minimize R, size, and cost.

(LxTe)
(R x Size x Cost)

Maximize

19
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Inductance is determined by both material
properties and geometry

2 . - . (Lx1_,)
4 X 7T X X N Xa = Relative permeabilit Maximize sat
Hr e W P ! (R x Size x Cost)

L oc

e This is a material property

e Limited range of materials

N = Turn count
e Wide range possible
e Effective due to turns squared

ae = Winding cross-section area (cm2)

e Effective but increased size penalty

le = Magnetic path length (cm) @ @

e |nteresting inverse relationship

20
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DC Resistance is also a function of material
property and geometry

- | > . Lx|
W Maximize ( : cat)
ZO ) (R x Size x Cost)
Ay
W p = Volume Resistivity of the wire (2 X cm)
DCR=px — P-¥ )
aw ® This is a material property

lw = Winding wire length (cm)

e Winding length depends both on the turn count and geometry
aw = Winding wire cross-section area (cm)

e Wire tables

21
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I OC(Bsat XNXAG)

sat L
Bsat X le

or lsat =
u (0.47N)

Bsat = Saturation Flux Density of the core material
*This is a material property

Ae = Core cross section area
*An increase means overall larger inductor

L = Inductance
N = Turn Count

L (WH)

12

(=] N ES 0] ]

(Lxlg)

Maximize !
(R x Size x Cost)

Current (Adc)

Coileraft

22
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The Effect of Adding an Air Gap

e Air gap in the core changes both the effective permeability
and especially the magnetic path length

* The effective (resulting) permeability is a linear
combination of the core permeability and the air gap
permeability (=1)

e The magnetic path length effectively increases by more
than the length of the air gap. The magnetic path length
increases by the ratio of the core permeability to the air
permeability times the actual gap length.

U-core

“Effective I” = | + (l,)

23
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The Effect of Adding an Air Gap

» Therefore the air gap has a very large effect on Isat.

Bsat X le
u (0.47N)

Isat =

A7 x N xa,
|

e

Reminder: L oc

24
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Air Gap Example: Ring Core pu= 2500, le=6 mm

Air Gap Changes the Effective Magnetic Path Length

”-core

“Effective I” = |, + (1) =le + lgpcore
Hgap

For: le=6mm pere =2500 /g=0.025 mm

Path length becomes: = 6 mm + (2500 X 0.025 mm) = 69 mm

Bsat X le | |, in the Isat equation
1 (0.47tN) was 6, now is 69 |

Isat =

25
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Conclusions:

(Lx 1)
(R x Size x Cost)

Maximize

* |nductance changes with frequency and is topology dependent
* |sat does not necessarily change with frequency

e R will/may include new mechanisms..core loss, skin effect...

e The fundamental problem to be solved does not change

26
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Conclusions:

e No “One size fits all” answer

* Good information about total inductor performance will
be required

e Consider interaction of the inductor and the specific
application conditions

|Il

27



Selecting Magnetics for High Frequency Converters Coleraft

References:

Author: Len Crane, Technical Marketing Director, LCRANE@ Coilcraft.com

Data used in this presentation:

DC-DC Inductor Selection: http://www.coilcraft.com/apps/selector/selector 1.cfm
Power Inductor Finder: http://www.coilcraft.com/apps/finder/finder.cfm
Power Inductor Analyze & Compare: http://www.coilcraft.com/apps/compare/compare_power.cfm

Featured Inductors:

Slide 5:  LPS5030-332 http://www.coilcraft.com/lps5030.cfm
LPS3015-102 http://www.coilcraft.com/lps3015.cfm
Slide 8:  XAL7030-332 http://www.coilcraft.com/xal7030.cfm
Slide9: XAL7030-332, XAL7030-301 http://www.coilcraft.com/xal7030.cfm

Slide 10: XAL7030-332 http://www.coilcraft.com/xal7030.cfm
Slide 11: XAL7030-332, XAL7030-301 http://www.coilcraft.com/xal7030.cfm
Slide 16: XAL4020-102, http://www.coilcraft.com/xal4000.cfm é
XAL7030-332 http://www.coilcraft.com/xal7030.cfm <3
Slide 18: XAL4020-102, http://www.coilcraft.com/xal4000.cfm o {
28
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