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Designing Energy Storing Inductors Properly
By Gregory Mirsky, Continental Automotive Systems, Deer Park, Ill.

It is hard to find any electronic power device that does not utilize at least one inductor that stores magnetic
energy for a while and then releases it when required. Usually, these inductors operate at a high frequency of
tens to thousands of kilohertz and create a current ripple that depends on the inductors' parameters. This
current ripple is created by the process of the inductor's magnetic core magnetizing and demagnetizing, which
is necessary for efficient usage of these inductors and not allowing their cores to saturate.

In many implementations, like boost converters, inductors operate with significant dc bias. This bias brings the
operating point on the core's B-H curve closer to the saturation area. This factor is often overlooked, and
inductors in energy-storing implementations are being designed without taking into account the bias. This effect
actually limits available flux density in the core and to compensate for this drawback, a larger core size should
be selected to permit the required current ripple in the inductor.

Another factor that is often disregarded, relates to the fact that magnetic energy requires some physical volume
to be stored. This volume is inherently tied to the inductor magnetic core properties. The physical volume of a
magnetic core also depends on the power the inductor is required to transfer. Thus, magnetic core size depends
strictly on how much power should be stored by the magnetic core, with the assumption that the same amount
of power should be released to the load. The time interval, intended for storing the magnetic energy, and time
interval, dedicated to the magnetic energy release to the load, define the power device operating duty-cycle.

It is conventional to make a gap in high-permeability ferrite magnetic cores to prevent them from saturating by
reducing the effective magnetic core material permeability. This leads to an uneven power density distribution
over the core, so that the small gap volume takes the whole power density. As a result, the core and wire heat
up tremendously. Therefore, usage of the "distributed gap" material for the inductors that store energy, is a
must because this material stores the magnetic energy in the whole volume.

This article attempts to show that when designing an energy-storing inductor, one should consider not just the
current ripple in the coil and filter capacitors but also the dc biasing current and power that the inductor under
design should operate at. It may be useful for those who design diverse types of power converters, filters
subject to dc biasing, solenoids and other electromagnetic components such as electromagnetic accelerators
and weapons.

DC Bias Limits Inductance

Very often inductors operate at significant dc biasing. Such is the case with boost converter inductors. To
understand the impact of the dc bias, we need to determine its effect on permissible magnetic flux density in
the core, which defines the permissible number of turns. Let’s begin by noting that Ipc is the dc current through
the inductor.

Magnetic flux density Bpc created in the core, having the magnetic path length Im, by the magnetic field
strength Hpc is defined as

Bpc = Hpe * Ho * 1 (1)

But per Ampere’s Law, the field strength Hpc depends on the magnetizing current Ipc and the number of
winding turns Nw as follows:

Hpe - lm = Ipc - Nw (2)

Deriving Hpc from (2), we obtain:
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_ IDC ’ NW (3)
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Then, plugging in equation (3) into (1), we get an expression for magnetic flux density that includes dc current
through the inductor:

_ IDC ' NW (4)
pDC =" "Ho * Mg
m

Equation (4) shows that, for a given dc current, in order to keep the flux density in the core lower, the core
should have a longer magnetic path length or fewer number of turns. The same expression (4) defines the
position of the initial operating point on the B-H curve, which should be selected with respect to the core
saturation flux density Bsat. The difference AB between the Bsat and Bpc defines the headroom for the core flux
density change during the inductor operation (see the figure.)
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Figure. Since BDC varies directly with inductor current, IDC, as per equation (4), it helps to
define the headroom for the core flux density change (AB) during inductor operation.

Let's designate a portion of the B-H loop dedicated to the ac flux density change AB as «

AB
a4 =—
Bpe

which means
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Usually the given parameters are output power Pout and supply voltage Vin along with the converter efficiency
estimate n. They define the inductor current RMS value:

Pout

A (7)
n: Vin

Ipys =

The RMS value is composed of two values—the Ipc and the ripple component amplitude, defined by the
inductor—Irip. This value is a half of the ripple current swing

2 2
_ Ipc™ + Irip
Irms = > (®)

Solving (7) with respect to Ipc, we get:

- 2 2
Ipc = (2 Irus Lrip ®)
Substituting (7) into (9), we obtain:
2
Pout
Ise 2 |2 — Lip® (10)

n: Vin
It is reasonable to have the ripple as a portion of the RMS value, which can be expressed by the same a value:

Irip =a-Ipc (11)

Then

\[i'Pout' Va2+1 (12)
Vin*n-a?+ Vi o

Ipc =

obtained after substitution and simplification.

Formula (12) allows us to define the core flux density that occurs due to the dc current through this core by
plugging it in into equation (4) for the Ipc.
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V2:Poyr - Va2 +1
Vin *n-a®+ Vi

Ny

BDC = U * Mg (13)

Im
Formula (6) limits the value of the flux density in the core generated by the dc component of the input current
or limits the number of turns for this specific inductor:

Bsat

j o T .o
PC ™ a4+ 1

Therefore from (6) and (13), we get:
Bsat _Vin'77°a2+vin'n
a+1 L

Nw

"Ho " Hq (4)

Now, it is reasonable to define, what maximum number of winding turns is allowed to keep the core beyond
saturation, by using formula (14):

N =‘/§'Bsat'Vin'n'lm'Va2+1 (15)
o 2+ Poyt * po* pr * (@ + 1)

We have got the inductor number of turns limitation but the core geometry is still unknown. This limit on the
number of turns is a very important result since it places an upper limit on the inductor’'s maximum achievable
inductance.

Energy Storage Requirement Dictates The Core’s Minimum Volume

The inductor being designed is intended to store energy for the time defined by the duty-cycle, and release it
over the rest of the period. Energy may be stored in the core volume only, provided there is no gap in the core.

The magnetic energy Wm at flux density Bm and magnetic field strength Hm stored in the magnetic core for the
time interval, defined by the duty-cycle D¢, having volume Vol is

By H
Wm o % Vol

(16)

Assuming the duty-cycle is unity (i.e., 100%), we can calculate the power Pm the core can handle as

T Byp-Hpp*Vol . fsw (17)
n 2 D,

Hence, from 17 we can determine the core volume at this maximum power level:

2P, +D
Vol = = (18)
Ho " My - Hn™ * fow
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Now, from Ampere's Law we know that

I - Ny (19)

m lm

So, if we plug this expression for Hm into (18), we obtain:
2Py lp°-D
m m (o
L..2 . No,2- T
m w” fsw* Ho * Uy

If we then plug in equation (15) for Nw and simplify, we get an expression for the minimum core volume that
accounts for both the maximum power level the core must handle and the turns limitation:

Vol =

(20)

4D - Poye * o by - (@ + 1)*
Bsat2 ‘N fow (a? +1)

Therefore, the magnetic core volume, required to handle output power Pout, is directly proportional to the core
material permeability and cannot be smaller than the value calculated using (21). But it can be greater than this
value if necessary to provide higher inductance.

Vol =

(21)

With regards to the fact that
- (22)
Vol =1; - S

where Sm is the core cross-sectional area, we can use a core of any shape that satisfies equation (21).

Now, we can define the inductor’s inductance:
Mo By Sm

b

o - Ny 2 (23)

Equating (22) and (21), we get:

4"Dc'Pm'Pout2'VO'#r'(a+1)2

= (24)

Bsat2 ' Imz *Sm Vinz' 772 * fsw (a?+1)

and define inductance from (23):

[ = Bsat2 ) lmz ) NW2 ) sz' Vinz' 772 *fsw - (az +.1) 25)
i =

4'Dc'Pm°Pout2'(a+1)2

m
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Assuming that

2
I 2 Vv 2 Pout (26)
m " Yin — ?

we can re-write equation (25) as

_ Bsar® * Nyw? - S’ fow (@® + 1) o

L
m 4-D, - Py (a + 1)2

Expression (27) gives us the value for the inductance Lm, which fully accounts for the effect of dc bias.

Example Of A Boost Inductor Design

Now let’s apply the equations derived above to specify the key parameters for a boost inductor. The following
parameters are determined by constraints of the boost converter design:

Pout = 2400 W
Mr = 60

Bsat = 0.5T
fsw = 125 kHz

Im =109 mm

Vin =48 V
Dc = 08
n = 0.98

Pm = Pout/n = 2.449 x 103 W
a= 0.2

Plugging these parameters into equation (21) for core volume gives
4-D¢-Poyt o M (a+1)?
Vol = 2T ———=0.026 L
Bsat“n fsw-(a“+1)

Again, this is the minimum magnetic volume that ensures the inductor's operability. Any bigger size is beneficial
until the core loss issue kicks in.

Next we apply this value for core volume to determine the necessary inductance value. First, we calculate
magnetic cross-sectional area:

s, =% = 240,187 x 10~6m?2¥10°

lm

Then, determine the turns limit:

© 2019 How2Power. All rights reserved. Page 6 of 8


http://www.how2power.com/newsletters/

HOW=POWER

'l T DA Y Focus on Magnetics
Your Power Design Newsletter Sponsored by Payton Planar
V2:Bsgt *Vin " by - Va2 + 1
Ny = round =9

2+ Poyt * o Uy * (@ + 1)

So, finally we can calculate inductance:

Bsat” * N’ - Sm”* fow* (@* + 1)
Ly = = 13.458x107° H
m 4-D; - Po-(@+1)7 .

From the inductance value, we determine a value of input current ripple:

D..w ¥,
Al =—— —22827A
Lm ' fSW

And compare it against the input current value

P
out
I, =———=51.02 A
n:Vin
If we see that the current ripple is too high, we can increase the inductor volume a little:

In this case, let’s select Vol = 0.05 L, which is approximately double our calculated minimum core volume. This
new core has Im = 159 mm. That leads to a magnetic cross-sectional area of

S =22 =314 465 x 10~6m?2x10°

l"]

and, with our new value of |I,,, comes a new turns limit:

V2 Bggt *Vin ' * by - Va2 + 1

Ny = round =12
i 2 Poyt * po* Uy (@ + 1)

Then, finaly we get the new inductance value:

L, = Bsat"Nw"Sm® Fow (@®+1) _ 1 594 1076 14
ok 4-D¢Ppy-(a+1)2 '

which is about 3X our initial value. For this core size, we do see a lower value of current ripple:

D, -V
Al =—"" —7491A
Lm'fSW

while max input current remains:
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Pout
I, =—2% =51.024
N Vin
As this example demonstrates, sometimes it is good to oversize the inductor in order to reduce the current
ripple.
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For more on magnetics design, see these How2Power Design Guide search results.
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