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Paper

Small Saturating Inductors for More Compact Switching Power Supplies

Luke Milner®, Non-member
Gabriel A. Rincon-Mora®™, Non-member

Other than by reducing power, extending baitery life in portable microelectronics amounts to increasing power efficiency,
which, when coupled with accuracy, translates 1o increasing filter inductance. The problem with higher inductances is that
magnetic cores requine more space to prevent the onsel of saluration, so accuracy and efficiency (via their need for bulky
inductors) hamper the ministurization benefits gained from chip integration. This paper illustrates the time-domain and efficiency
effects of inductor saturation in switched-inductor DC~DC converters and shows how they can accommodate saturation (with up
1o 65% reduction in inductance) with minimal impact on hattery life and accuracy. Extending the useful range of an inductor in
this Tashion not only reduces the printed circuit board (PCB) area and volume to a fraction (e.g8.. 30-50%) of what an otherwise
larger unsaturated inductor would require, but also helps bridge the integration gap that enables practical system-on-chip (SoC)
implementations, € 2011 Institute of Electrical Engineers of Japan. Published by John Wiley & Sons, Inc.

Keywords: inductors, sataration, swhiching supplies. DC-DC converiers

Received 2 March 2000; Revised 2 September 2010

1. Small Switched-Inductor Power Supplies

Switching supply circuits ofien demand more space than many
emerging portable applications have available. Foregoing the
supply circuit, however, is nol an option because hoosting or
bucking a source voltage is typleally a basic necessity, especially
when (1) draowing energy from high-energy but low-voliage sources
such a5 mimawrized fucl cells [1-3] and solar cells [4.5] and
(i) supplying energy-saving, dynamically adaptive systems 16,7
One challenge with building an efficient and accurate supply
circuit, within the context of volume, is the need for lorge
inductors because they transfer energy with minimal power losses
and suppress voltage ripples in the outpul. Even in micropower
systems, these components often double or triple the area and
volume of the circuit [8,9]. The fact that many state-of-the-art
subsystems cannol tolerate the variance or voltage level of a single,
common supply cxacerbies the problem because several point-of-
loael {PoL) supply circuits (and their inductors) require even more
space [10,11].

This paper proposes and verifies experimentally that swinch-
ing supplics can accommodate smaller inductors by allowing
their cores 1o saturate and therefore extend their uselul power
rnge while maintaining low space requirements, To that end,
Sections 2 and 3 first deseribe how inductors salurate and why
power supply designers avoid saturation. and Sections 4 and
5 then illustrate and verify the actual time-domain and effi-
ciency effects of saturation in switching power supplics. Section &
evaluntes the results obinined and Section 7 draws nelevant
conclushons,

2, Inductor Satoration

A switching DC-DC converter, be it an inverting or nonin-
verting buck, boost, or buck—boost circuil, transfers energy from
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Fig. 1. {a) Energizing and de-encrgizing inducior Lo (b) means
flux increases and decreases along Lo's hysteresis loop

an inpul source Vin 1o a load (Le., an oulpul vo) by energizing
{from Vix) and de-energizing (1o vo) an inductor Ly in allernate
phases, us Fig. 1(n) gencrally depicts. More specifically, a constant
energizing voltage Vi scross Lo cnergizes Lo, increasing ils cur-
rent iy, (where i is Lodvp/de) and fux Ap. Reversing the volage
across Lo in the form of de-cnergizing voltage Vpp releases Lo's
encrgy and causes i, and &y 1o decrease, baut not along the initial
encrgizing path. as Fig. 1ib) shows.

As Ly repeatedly energizes and de-energizes, i and Ay traverse
along a hysteresis loop, which means that Lo relexses less energy
than it stored in its energizing cycle (where the area in the loop
represents the energy lost in the core [12,13]). [Note that Lo also
loses power across the equivalent series resistance (ESR) of the
copper coil.] Beyond a threshold current, the flux in the cone begins
to saturate, causing the mange of i (i, rpple current Adg) and
the hysteresis loop to expand [13- 16], which is to say both Lo's
Ady and core losses increase, Another way 1o describe this effect is
through inductance because the increase in Ay is equivalent to a
decrense in L. Datasheets, for example, illustrte that inductance
decreases at higher currents [17], as Fig. 2 shows, albeit with liule
insight inio the actual time-domain operation and power-efficiency
effects of saturation.
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Fig. 2. Typical inductance-saturation graph [17]

3. Power Loss Argument

Switched-inductor circuits are ideally lossless because the
power switches expericnce nearly neghgible vollage (and there-
fore power) drops and Lo ond Cp introduce pest-lo-no series
resistances in the power path. In practice, however, the feedback
controller draws quieseent curment from the supply, the drivers lose
energy in charging and discharging the parssitic gate capaciiince of
the switches, and Lo's average and ripple currents LT
ilissipate ohmic conduction losses P across the finile resistances
that the switches, Lo, amd Cgy actunlly present:

ail
Pe = Rupif,,, | +Riga (I_zr) (1)

whore Hr_m and Hr:q_l ane the combined siray resistinces that Lo,
Cip. and the power switches introduce in it ey path throwgh
Looand Adp's path o C, respectively [18). IETM second lerm
i the equation arises because the ol mean square (RMS)
vatlue of 3 triangular signal like the inductor current is equal to
its amplitude divided by 3, or equivalemly, e peak-io-peak
magnitude divided by 2.,/3 Therefiore, the sgquare of the RMS
15 equal to the square of the peak-to-pedk magnitude divided by
12} When considering the high-efficiency objectives of the supply
and the reduction of energy delivered 1o the output that saturating
Ly causes, limiting the sum of these losses §s important. As a
resull, because magnetic core losses and Ay (and its derivative
losses across Rpge in P increase when Lo saturaies, designess
typically select the core’s cross-sectional area and volume 1o he
large cnough 1o sustnin (without ssturating) the fux associaled
with the highest expecied &, They further oversive Lo 1o offsct
the fiet that the saturathon charicteristics in datashects are absent
or poorly specified. The underlying aim of this paper is 1o show
that such design practices are overly caitious, which is o say
designs can survive the saturating effects of smaller inductors and,
in consequence, reap the benefits of higher integration.

4. Actual Suturnted Response

4.1. Representative cireuil  Hecawse all DC-DC con-
verers energioe and de-coergiee inductors in the same way, by
applying quasi-constant positive and negative valtapes across
a power inductor in allermating cyeles across o swilching
period [19-23], the power inductor of all switching DC-DC con-
vierters similarly conduct DC and triangular ripple currents T
and Ady. Therefore, the buck converter in Fig. 3, just like any
other switching DC-DC supply, is 2 good means of verifying
amd demonstrating how iy in switched-inductor cirevits generally
responds o saturating conditions. The only dilferentiating factor
between thewe switching circuits. from the perspective of iy, is the
magnitude of energizing and de-encrgizing voliages Vi and Vg
In the buck case. Lo energizes from Vi 1o g with power switch
Mp 5o Vi equals Viy — vg. and de-energiacs 0 vy Trom ground

Fig. 3. Switching buck DC-DC converter
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Fig. 4. Experimental inductor-curment wavelonms as a 1-pH indue-
tor salirates

with power switch My so Vap is —vg. As in all switching con-
verters, in addition w Lo and Hs connecting switches My and My,
the supply circuit also includes output capacitor Co, drivers, and a
feedbick controller, the last two of which (and in some cascs, also
My and My) are often embedded in o commaon integrated cincuin
(IC).

4.2, Time-domain response  With respect o inductor
ssturation and power efficiency, what is important s 1's DC
and ripple cumrents Iy 800 Ay, or i other words, i s steady-
state time-domain wavelomm. From this perspective, the dynamics
of the control Toop {eg.. feedback amplifier. ec.) are irmelevant
As a result, W decouple the effects of the controller from Li's
saturtion effects on g @0 A, the Toregoing discussion and
measurements assume o pulse-widih modulated (PWM) squure
wave signal vpwy i available and rendy 1o drive Lg's enerzizing
and de-encrgizing switches in the power stage, That is w0 say,
g function genermtor defines and sources the control signal in
Fig. 3 (vpww) that the dead-time block uses to produce the non-
overlupping gate voluages thi drive My and Sy,

Recause the circull impresses time-invariant encrgizing and
de-energizing vollages Vi and Vpg scross Ly, instantaneous
inductance Luy defermines i 's rising and falling slopes; tha is,
dif e s Vpllay and di fdr is Viplbag, As such, the effects of
saturstion manifest as changes in § " glope across time [24],
Figure 4, for exomple, illustrates thwt the nsing and  falling
stopes of d in the buck convener of Fig 3 are constant as
long as ip remains below 2 AL Once above this threshold, Lo
spturates and both rising wd falling slopes increase, the degree
af which is determined by Lo's effective inductance, Measuring
this instantaneous inductance Ly amounts o sampling i (via a
Hall-effect probe, for example) and its slope scross ime (with an
oscilloscope), Figure 4 therefore demonsirmies that Ly s constant
when the core bs unsaturated and decreases with inereasing 1
only when Ly sniuraies, when i surpasses 2 A in this case. In
practical terms, as graphically shown, saturation increnses curment
ripple Aip-

4.3. Inductance variation By repeatedly caleulating
inductance ot several points on each waveform for increasing
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Fig. 5. Mepsured (and overlapped) induciances across curment aid
temperatune (at 30, 64, and W "C)

values of avemge inductor curment :',_ml al vierious amblent em-
peratures, Fig. 5 maps (from experimental measurements) how Ly
changes across instantancous and avernge i values and lempera-
ture, These results show that Ly decreases from o nominal non-
saturated value (Lag) of 11 pH to 6 constanr and lower satursted
value (Lg) of 0.35 pH when the core saluries, which' represents
a 65% reduction in Ly. The bimodal plecewise Hinear resporss
of ip's rising and flling slopes in lhe saturated waveforms of
Fig. 4 graphically commoborates that Ly drops too o constant (Lgh
Oinee the core i saturated, Fig. 5, however, (uriher reveals that the
onset of saturation decresses with fy_  which previously reported
literature did pot show [24-27), Increasing temperaiure (from 30
to 90 °C, for example) alwo has similar effects on the ondet of
sulwration; that is, higher tempermtures induee a lower saluration
threshold [14]. The last two effects are not mutnally exclusive,
though, because higher i, , Inereises the power lost in Ly as
heat. w0 lempermiure also rises with ity Nevertheless, the resuli
is the same: the onsel of saturmtion decreses with higher B
aned higher ambienl lemperatures,

5. TPower Efficiency in Saturation

The eifect of salwmnon on efficiency is noticeable bur oflen
toleruble, To start, eonduction losses Po increase with increasing
current nipple Ady, but this only happens when (e, output
current fo) & sufficiemly high to induce saturation, and even then,
Ay omly increases by a fadtor of 3, given the 65% reduction in Lo
when the core suurales. Consider thal Pe is 771 mW when Ry
15 306 me2, Rige o s 50 moy, "f-m-;; ie 16 A, ond Adp s 350 mA:;
and Iripling Adp, s saturmtion would, fncreases Pe by 2.7% w
792 mW.

As stated earlier, core losses also mcrease with sateraion, and
this loss is the difference between Lo's sored and deliversd encrgy
in the alternating cyeles of the converter, The wrea (Ajys) enclosed
by the minor 4p—ip hysteresis loop that §; creates in Fig. 1(b) (2%
fr, rises and falls ench cyele) reprewnis this loss [13.28), which
mieans i small hysteresis loops indicite bow cone losses, Figure 6
extracts this A —ip information from Fig. 4 by extrapolating and
mlegrating inductor voliage vy, frans the measured data [13,29.30),
where v is the difference between encrgizing or de-energizing
voltage Vi or Vi and the voltoge scross Lo's ESH, which
i ipResmp. As a resull, multiplying this energy loss by the
convener's switching frequency fiw yvields inductor cone power
loss Py peone:

PLooke = faw f gy, = fowdiys 2)

Experimental nesults in Fig. 6 <how that the minor ;. —ip
hysieresis boop lirst shifts up and 1o ihe right with increasing &,
{because &y and i increase) and then distoris and widens wi:th
Uiy TiSLSEMITARON (i35 Core losses ad Ady, increise), which [12]
cormoborates. Before the core satorates. sinoe P cogy remains

Inductor s by [pWh]

Inductor current iy_[A]

Fig. 6. Flux -ourrent loops and resulting impact of core fosses

constunl and Fe rses with g, . the percentage of Pcore
in the ol power lost in Ly (Pr) decreases with il from
%, in this case, (0 3%, when f;_mm increnses from 1.3 (o
L7 AL (Note & is the avernge of the product of i and ve) In
siturntion, My oy increases from 63 10 158 mW, and from 13%
of Py back 10 23%. In effecl. smuration negates the decreasing
impact of the core on efficiency as i, increases. bul only o a
similar extent thal decreasing iy, does when not saturded, which
meeans saburation is not |mmm}r ditrimental to the converter's
elficiency performance.

In the end, core stumtion degrades efficiency, although oaly w
a cerinin extent, and because curment ripple Ady, increasis, sutput
voltage ripple Avg also incroases, which means salurtion also
degrades converter accuracy. The conventer remains functional in
saturation, however, efficiently regnlating vo in spite of slow and
sudden changes in line voltage and load. Efficiency and accuracy
are therefore legitimate trde-ofls for volume, especially since the
prapensity for large cuments and saturation in portable applications
1% low,

6, Discussion

Uliimastely, the benefit of reducing induetance is smaller volume.
The inductor wsed in the above experiments, for mstance, which
wis 8 33 % 33« L0 mm' (109 mm*) LPO3310 with o femite
core (similar W the on-package inductor used in [31]) and 2
pominal inductince of 10 pH and a pominal saturation Hmis of
L6 A, was still efective past s saturaion point o 21 A, The
setual (peactical) limit, which exceeds 2.1 A, 15 when the inductor
overheats, which depends on several factors such as the printed
circuil board (PCB) layout, inductor package, amd duration of larpe
loads. For reference, consider that, among inductors thut do not
saturate ab 2 A, the smallest (as inferred from [17]) ks 20% larger
al 124 mm’, despite its smaller fooprint. Simitary, a DO2010
behaves like an LPO33I0 vp w ol least 2 A, and the smallest
inducior with a 2-A rating (IME3215) requires twice the area and
moee than 3 times the volume; in other words, 2 DO2010 yields 50
and 67% deop in anca and voliime, respectively. This reduction is
of prramount importance because the inductor typically dominates
thie drea and volume of most converter circuits [89.31]. These
savings, of course, vary with manofacturer and technology, and
the inductoes considered here for proof of concept may not be
optimal for & given application.

While high efficiency is desirable at all load levels, efficiency
w light w modernte loads in portable applicsions s vital ad
mmiore imiportant thin ot peak looads, Wireless code division multiple
pecess (COMA) handsers, for instance, normolly idle at Jow
e moderate power levels and consume peak power only &
fruction of the time, which s why their peak to averige power
ratios (PAPR) are high [32]. In other words, jdling consumes
miost of the energy stored in the battery so light (not peak)
lond efficiency ultimately determines opetational lite [33]. Many
wircless microsensor applications exhibil even larger PAPRs
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because data collection and transmission is less frequent. What
all this means is that imding some peak power efficicncy for
reductions in PCB real estate (by wsing smaoller inductors) is
justifiable and optimal for many portable applications.

Saturation alse degrades converter accuracy because a higher
inductor ripple current Afp, induces a larger ripple vollage across
Co (Avn), increasing the systematic noise content in the output
of the converier, In the presented converer, bocause switching
frequency fow was constant ot 2 MHe, saturation tripled Adr,
inducing Avy o increase by a conesponding percentage (..,
from 3.2 1o 8.5 mV when Co and Kiggee are 10 gF and 20 mi2,
respectively). While this degradation in accuracy is important,
it may nol be as critical fnosystems where linear, low-dropout
regulators baffer (and filier) the converter (o supply power (o
sensitive analog blocks | 18], reducing the ripple by 30-40 dB,
In the case convener aecuracy is nonetheless important, modifying
the loop's control strategy 1o regulile i s ripple Adg by modulating
few, a5 in hysicretic converters whose response 1o load dumps
is substamially aster than competing schemes [34], circumvents
this sccuracy degrdation, albeil al the expense of a slighily
varimble fow.

7. Conclusions

This paper demonstrated thata 3.3 = 3.3 x 1.0 mm’ (109 mm'}
ferrite core, 1O pH inducior rated for 16 A operates well in
switching [MC-DC converters past its saturation point 0 2.1 A,
and that saturating inductors can reduce PCB aren and space by
0% and 67'%, respectively, over competing allermatives, while
fncreasing todal peak power conduction losses by 2.7% from 771
W 792 mW. Experimental results further showed that inductance
deercases from | jH to no bess than 0,35 pH, and tht the onset
of saturmtion decreases with higher average currents and ambicnt
tempernfures, which previons studies did not show. While a few
percentage poinls increise in peak power elficiency is apprecia-
ble, its impact on battery life can be, for the most pan, negligible
in mobile devices becouse they tend 1o idle most of the time,
whibch means light (not peak) load efficiency is eritical, The point
Is that using o smaller inductor may save a5 much real estale us
the conventer 1C (itsell) requires, and the savings muluply in Fol.
architeciunes where several inductors may be necessary. Freeing
space in this way might even enable subsystems to adops dynamic
scaling schemes [6,7], which increase power efficiency when and
where it matters most. The benelits of extending the operitional
limits of an inductor are even more prominent in system-on-chip
(5007} solutions because using above-the-die (in-package) mag-
netic cores, which exhibit low saturation thresholds, eliminatis the
PCH real estate that off-chip inductors would otherwise demand.
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