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Fig. 3. The multiple-layer inductor (left) has so much parasitic
capacitance that an additional inductor is needed as a filter (right)

to eliminate noise that passes through the multiple-layer inductor.
Together, both inductors consume a large amount of board space and
add considerable size, weight and cost to the design.
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Figure 19. Plot of frequency dependent behavior of equivalent circuits for various inductors.






4 Inherent to any conducting wire is an element of resistance. Also, the insulating

material added around the wire, to prevent short circuit from one turn of the coil to
another, acts as a dielectric that adds capacitance between the turns. So, each
inductor comes with an inherent resistance and capacitance. In addition, at higher
frequencies, current tends to flow closer to the conductor surface, an effect

known as the skin effect. Thus, the total impedance offered by an inductor varies
with voltage and frequency applied to it. An example inductor impedance vs

frequency graph is sh:::lr- ' ¥ ‘R.(.\hlu&lv Wy f:) A"} "F
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Definitions
L - Inductance The primary functional parameter
of an inductor. This is the value that is calculated by
converter design equations to determine the
inductors ability to handle the desired output power
mdmnh’olripplem

DCR - DC Resistance The resistance in a compo-
nent due to the length and diameter of the winding
wire used.

SRF - Self Resonant Frequency The frequency
al which the inductance of an inductor winding
resonates naturally with the distributed
characteristic of that winding. W= /{72
Isat - Saturation Current The amount of current
flowing through an inductor that causes the
tance to drop due o core saturation..

Irms — RMS Current The amount of continuous
curant-flowing through an inductor that causes the
maximum allowable temperature rise.




o

0 02 04 08 08 1 t 12 T 14 16 18

Ide (A) latl=1.17A  |sae=1.3A
[—+—T=25C —=-T=85C - T=40C |
Ty for L

Realk 180 Core 08 ]fﬂ"“‘
Hest ovt. NeatsinXs



Table 3. Winding materials.
*Power loss due to high-frequency current harmonics.
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Current Ratings of an Inductor Page 1 of 2

‘

The Current Ratings of an Inductor
We know that the “%Mlitr’ of an inductor, LE_LL%,J , Is one
way of picking the size @ inductor. But most vendors do not provi Is number
upfront.

However, they do provide one or more "current ratings”. And if we interpret these
current rating(s) correctly, that serves the purpose too.

¢ current raling may be expressed by the vendor either as a maximum rated

arfand a maximurmn saturation current

* lgar

The first two are usually considered synonymous, since the RMS and dc values of a
typical inductor current waveform are almost equal (mare some when we have
continuous conduction mode combined with typically low inductor current ripple).
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Fig. 6. Toroid inductors can vary in i ed on how

they are wound. The inductor on the left has @ more uniform winding
distribution of inductance, while the one on the right has a higher
inductance value.




(a)

(b)

Fig.2. A multiple-layer toroid with no start/finish gap (a) has significantly more parasitic
capacitance than a single-layer toroid with a start/finish qap (b).



Common-Mode Chokes

Compact common-mode chokes are designed to provide high in-
ductance for suppression of electr i interference, The EV and
FH chokes are availahle in inductance values up to 90 mH and in cur-
rents up ro 5 A, Two-section winding allows high-frequency reso-
nance, and broadband attenuaton characteristics provide a stable
frequency response. The RaolHS-compliant chokes have a flammahil
iry rating of UL 94V-0. At 50°C, the chokes have a maximum oper-
ating voltage of 250 V. Power operating frequency ranges from de to
400 Hz. The EV chokes offer a narrow widrh, and the EH chokes
feature a low profile. Schaffner EMC, Edison, NT, 732/225-9533.

www. schaffnerusa.cam
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9. 3. PCB-based planar inductors use
nagnetic cores mounted on the top and
sottom of the board, and in many cases, run
throuah it, as shown in this photo.




Fig. 1. Process coupon of a h ybrid thick/thin copper printed wiring
board (solder coated),
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Fig. 1. Transformers and inductors as thin as 1
mm are in demand.

Driving Factors
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Prompted by ad-
vamces in packaging
technology, the trend
for de/de converters
leans toward enclos-
ing more of the con-
verter magnetics
wilhia an IC pack-
age, as shown in this
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Fig.3. In Enpirion’s MEMS-based inductor, a thick electroplated copper
spiral coil is sandwiched between two planar magnetic layers.
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The dc rating of an inductor is basically the dc current we can pass through it,
such that we get a specified temperature rise (typically 40 to 66°C depending on
the vendor).

The last rating, i.e. the |, , is the maximum wrrant We can pass, uut before

core o
V& I"-‘;.‘l’

starts saturating. 1‘llh a,
4 We will algo find that many, if not most, vend hwachmanthawiruﬂ gein
such a manner that the |5/l and the alings of any inductor are also

virtually the same. And therefore, they just p one maximum (single) rating -

- for example, "the inductor is rated for SA". T pet Limit

Basically, having determined the |, . of the inductor, the vendor b um-mr consciously wesked [/ f-éd-
the wire gauge (at this saturation current level), so Bl temparatura risg

The rationale for doing so is as follows --§ ]

of 5A. The 5A rating is then likely to be superfUGUS, Decause users would probably never select
this inductor for an application that required more than 3A anyway. Therefore, the excessive | .
rating in this case, essentially amounts to an
find an inductor with different | . and I, ralings. itis possible the may have

lavnanas metiamal aamd A TTidaci anlemreas S AN indVT him 10413724 0
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(a) Distributed gapped MPP

Microscopic view

@, + 0.0015 in. (X2)

(b) Gapped ferrite

Fig.3. Air gaps: (a) Distributed-gap MPP; (b)
Gapped ferrite.
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Fig.3. Inductance roll off curve for two 920 mH inductors using MPP
and gapped ferrite.
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Fig. 1. Rated current vs. inductance for SMD poswer inductors.



t MAX of the Current Limit

Page 1 of 2

The MAX of the Current Limit m

The MAX of the current limit is not completely irrelevant. As we move to higher and
higher input voltages, this may become worth watching out for. The reason is that

whenever we starl-up, or submit

required maximum load current),

ontral, in an effort to requilate
permissible val

longer stays at the steady value it has under normal operation (when delivering the

the converler to sudden transients, the current no

For example, if we s

But that means the inductor could be saturating!

&

For example, if we are using a 5A fixed current limit buck switcher IC for a 3A
application, we have probably picked an inductor rated for around 3A. But when we
short the output, the current momentarily hits the current limit (which may be around
2.9A nominal). And that clearly exceeds the rating of the inductor.



Saturation curve

with a Jarge gap
:

Minor
; BH loop

Fig.2. Impact of a gap in magnetic core material



But luckily, in most fow-voffage applications, this dossn't cause any problem. Because,
if the: swiich is rated for 5.54, and the currant limiting circuit in the 1C acts fast enough
to prevent the current from ever rising beyond that value, then even If the inductor has
started salurating as it gets to 5.5A, there is no cause for concam - after all, if the
switch doesn't break, we don't have a problem! And since the current doesn't excesd
5.5A, the switch cannot break. So in this case, we could certainly pick a cost-effective
"3A inductor” for our apphicalion, knowing fully well that it would saturate somawhat
under various non-sleady conditions.

Saturating inductor Current Wavedorms
i Hazatiuis Level

f F of Feak Cuiran

i .

i :

)
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PP _;‘,,./l v e oarenit Ll

Eiitlavy wn Caprewand Limit Agung
ik

The problem generally starts at input voltages higher than abaut 40V, Then the small
delay betwean current limit being reached and the switch turning OFF, can prove fatal
(see figure above). The ramp up of the fault current is vary steep now as it is driven by

Hwane nationalcom/A L desien/oeraes 152 Andi /08 i T R e









Fig.4. DR73 Irms De-rating Curve
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Fig. 5. Inductor tolerances vary from one manufacturer to another,
which can affect the desian of the voltaae requlator’s error amplifier.
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Spreads and Tolerances when Selecting Inductance m

We have a certain stated MIN and a MAX for the current limit (in the datasheet) This
range (usually) includes process variations as well as variations over temperature, Bul

the question is - which of these limits should we consider for choosing the
Inductance?

+ To guarantee output power, we need to consider only the MIN of the current
limit . In most low-voltage DC-DC converter applications, that is all that counts - we
can us;ualty rgnnre 1ha MAX {ur TYF'} En tu gunrnnte-a uutput power, we m
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Bith = Ht) xp

Fig.2. A plot of magnetic field density B(t) versus magnetic field strength H(t) reveals the
major and minor hysteresis loops associated with an inductor core.
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Table 2. Core materials,
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Fig.6. Core loss comparison of gapped core
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»osing Inductance based on Cusrent Limit of the IC Q Page 1 of 1

Choosing Inductance based on Current Limit of the IC p
e

Let us summarize the general procedure for selecting inductance for a switching
power converter (later we will look at practical issues like "spreads” and "tolerances").

4 We usually determine the inductance by requiring that the current ripple ratio is
about 0.4 — we know that r = 0.4 represents an optimum of soris for the entire

R ol 744

Choosing a cument ripple ratio BXCESSIVE
inductar, with no Wﬂh‘Cﬂl‘l‘l | 5 | 3irR28aS i |
w.mﬂlﬂmﬂrhlﬂd. T ,';.': A00 T £ = TE i

inductor, but with significant increase in the R

particular).

Can caramic $0x,

e I;m(ﬁm 1943






limum Rating of Inductor (theoretical) to ensure Power Delivery P'age 1 of 1

. "
Minimum Rating of Inductor (theoretical) to ensure Power Dullwrr

So we know what the “rating” of a given inductor is. But how does il relate to the our )
application? 'I'z-_

In all converter designs, we need to start by setti ig r* oL
- defined as Al/l , y,.. This indirectly defermines the inductance (depending on the

swilching frequency),

Note thal if 'r_is set typically gqual to say 0.4 (by sutable choice of inductance) , the

. - A current ripple ratio of 0.6 for example, means
that the peak inductor current is 20% higher than the average inductor current. And so an

The average inductor current in a given application is squal to

« lo (max load), for a buck.
« lo/(1-D) for a boost and bum " 0“4.'.-

Wie know that the peak current is by definition

Al
Imx-lnc+2 I“H-:'?




So, in general, if we choose the current rating of inductor to be higher than the
calculated peak inductor currant, we should be fine - at least from the power-

delivery point of view.
PesX
I -f-a.c:)rh‘l

Foramlghtrmtnm-./ |-
....‘;‘

mg[nﬁ_ buck L
2xlo

and for a boost and buck-boost that mpe?

LF

~Xs (bl R
=P



ﬁEutmnmh'anathufmmicﬁumﬂnn—ffwamcmmh‘maumruﬁnﬂurﬂw
device, wnaed:nsnsummafﬂmmducmwhrgeamumm}!mema
calcula ; fbbugmamrﬂmnﬂmsatcumtﬂmﬂ---MMm

il occur and required maximum output ’_Pomcan no longer

Avord A

For example , if we have a "SA buck swutchal" banru upurahd at 5A had then
ideally , we would want the cyrren . B8
(current ripple ratio of 0.4). S

Unfortunately that much of margin (head
commercial switcher ICs,



¢ MAX of the Currént Timit C’E\o‘\oz & ..16& Page 2 of 2
0

£y
the higher applied voltage, and the peak current can thge%ru uI“’md rating of the
switch, thus eventually causing degradation and swilch destruction.

The rule of thumb for selecting INDUCTOR SIZE is that

« If the input voltage I@hﬁ@g’ii an Inductor with an Ig, ; greater than %
lmf our application. -

« If the W\n for assured reliability, pick an inductor with
an Iu.r grea n or equal to the MAX of the current limit — for we know that as

a worst case we may hit the MAX of the current limit.

Note that in fact, in off-line power supplies, mmwm‘mw such
that they are guranteed not to saturate under the MAX of the set current limit.

Note: Under high- or low -volitage conditions, the MIN of the current limit is still
used to pick the inductance (power-delivery criterion).




The Current Ratings of an Inductor Page 2 of 2

mnwwjmmwmmmofmcmm{m|mmmmwn
Hdm}.thamthmemthmemwmm
mmmum»—-mmihnhﬁnmhmmmhm:muhmm
the thicker windings.

*Innmindmtws.mmﬂmnﬂMi&Tmmmmnlm,WmumhM?

We can't operate beyond |, in any case! So the only advantage, if any, in this

case is that the temperature rise will be less than the maximum specified (when
operated at |5, ).

in genaeral, for all practical purposes, the current rating of the inductor that we
need to consider is the lowest rating of all the published current ratings, We can
ignore all the rest.



21 an Induetor for the LM 25931V - Stop-by-Step Fxample Page 1 of 1

Select an Inductor for the LM 2593HV -- Step-by-Step Example m

The LM2583HV is a 2A rated, 150kHz part with a bipolar transistor switch. We want to
use it for the following application 48V input, SV output, max load 2A. How should we
select the inductor?

MV 4



» Further, the value of inductance we thus calculate, is actually the MIN of the spread
of inductance. Most inductors have a + - 10% spread. Therefore the nominal value of
the inductance we choose must be about 10% greater than the calculaled value of
inductance from the previous stepl

+ Note that, in addition, we would ideally like to leave about 20% headroom between
the peak current of our application and the MIN of the current limit. This is intended to
provide good step-load and step-line response.

But unfortunately, with fixed current limit switchers, this may be a luxury we can't afford
- because their MIN current limit is usually set only slightly higher than the rating of

the device. To leave 2 '}fm {murnmg that is even possible), would demand a
W B0 ODEelE los s max load of the de iﬁﬂ And we
know that a large ndunianoai Sie Sponse —

just opposite of what we were hoping for here!

So in general, we usually end up ignoring this "nice to have" step-response

- headroom/margin (when operating close the load limits of the device), and
concentrate on just assuring "power-delivery™ ---- by simply requiring the MIN of
the current limit to be higher than the peak current of our application, as

indicated above.
L% Aramsient response
sutbirs

Ll Cgu]‘l have ﬁb
Laturake O9C



Et = Voff « toff = Voxtof = 5x558 = 29 9Vus

Step Inih-;ﬁnn
1 ||[Time Period (switching frequency fsw is 150kHz)
Tw= ﬂ;_iur' = 6.6
2 |[Duty Cycle (ignoring forward drops) I
Dl i 5 1A% ’D'ﬁ o n
Vin 43
3 [[offtime -
toff = (1-D)xT = ml-;;ﬂxa 67us = 5.98us
4 oﬂus&;}unds -

Page 1 of 2

be aware L anio for
e condition of N-ta



f—— ~ = —— = |
5 |[Check limit of current ripple ratio 'r' at maximum load current.
ley a(MIN) is 2.3A. =179
Y2bht=| Terma (MIN) - To 23-2 06
A |[rlimit =2 + J—Ex 5= =03 "
Select 'r' for application: if rlimit (calculated above) is less than

ideal of 0.4, select r=rlimit, otherwise pick r=0.4. Therefore in
this case we select r=0.3 (to guarantee output power

[Calculate MIN value of inductance using general equation
LxI=Et/r (where equal to lo

| is the average inductor current ---
for a buck, and WmTﬁgTsmmnyj l

: botter!
LOMIN) = -t w229 _ 49 33,1 bwr L
| Py m

———

L(NOM) = 1.1x LOMIN) = 1.1 49.83 = 54.80 1

Pick Calculated Nominal Value of Inductance (assume final
inductor will have +,- 10% tolerance - so pick nominal value
10% higher than calculated value above).
b e e — s







Buck L

SER2000 Series
Inductance: 0.3 - 2 uH
Isat up to 100 A
Designer’s Kit C174 860

SER1590 Series
inductance: 0.3 - 1 uH
[saf up to 50 A
Designers Kit C166 $60

SER1360 Series
Inductance: 0.33 - 10 uH
Tsal up fo 40 A
Designer’s Kit C165 365

Niy-



10 (ICurrent Rating of Inductor --- if the input voltage was less than
0V, we would pick a current rating of (1+r/2)xlo=1.15x2=2.3A,

However, in this case, since input is greater than 40V, we pick

he inductor rating as per the MAX of the current limit i.e. 4A

(from datasheet
| 11 |Final selected inductor is 56uH, 4A.

'/'www.national.com/AU/design/courses/252/ind03/07ind03s.htm




Table 1. induetor Options for Buck Canverter Example.
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Figure 7. Simplified equivalent circuit for a resistor.
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Figure 10.  Equivalent circuit for resistor near self-resonance.
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Figure 12. Frequency dependent behavior of equivalent circuit for 10060 ohm resistor.
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For example , a 5A er may have a p set current limit of only
S.3A That means in this case we need to increase the inductance so that the

current ripple ratio is less than —— AIf,= (2 x (.3) /5 = 0.12.

Check: lo x (| +1/2) = 5 x 1.06 = 5.3A --- equal to or less than current limit

(OK).
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Fig.2. Embedded planar transformers,




® Shielded Inductor Flux:
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Fig. 4. Inductance drift for rated current and arnbient temperature of
125°C
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Fig. 1. A simpilfied schematic ol the coupled inductor sttt ICIMP) topology is shawn (), The coupled inductor schenmalic ) s il
mtfntofwmmmmnm.mmm:mﬂwmmwmmsdewawmﬂmmm
are igrueer! for simplicity. The magnetizing inductance it .} can be placed on sither the primary ar secondor wanding with i et e e
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Fig. 1.4 simplified schrmutic of e coupled inductor mliohase (CMP) ooy is shown {al. Tie cotled inductor schematic (B s identical
to that of any hva-winding transfoarmer. The eguivalent resisdie lagaes foe fercene foss unel copeer loss) as well as intenwinding copacilasces
are fgrgred fur stmpilciey. The magnetizing hductancs it} can be placed.an either the pritury or secondary vineing with noeffec i the
T seuanions dug 1o the 1-6u-T turns rerla,




Inductor has Stored Energy --- even parasitic inductances

Any Inductor has Stored Energy --- even parasitic inductances -I

Once we understand an inductor, we know that it represents stored energy — equal
to % x Lx 12 . And that is why we provide a “freewheeling path” for the main inductor.
However, even parasitic indu haue e

. What about their stored
energy? Don't we nee
consequences??!
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tor that of any twu-winding tran: _
mwmmmmmwmnmmmmammmmmwm
circuit equations due to the 1-lo-1 turms ralio.
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I COUPLED INDUCTORS
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Flg. 3. In order to werite the equations for the clroult elements L, and L in ferens of the refur fonce slermis B and R it is bl to.analyee
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Fig. 3. fro areter T write n‘uaqmms ﬁ:arrhe c.'n:ufx demenr.sl. mdl i terms of the rmumt't*'rmwtf'ﬁ and L, itis elpfid to aralyee
several possible indug tonce measuraments ard how thes: mﬂmummmh affect the reluctanca model,



