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Abstract—Distributed air-gap inductors such as iron powder
chip inductors and low-temperature cofired ceramic (LTCC) in-
ductors have the advantage of low-fringing effect loss. However,
the flux density nonuniformly distributes in the magnetic cores,
which results in the magnetic material closer to the conductor be-
coming saturated while the magnetic material further away from
the conductor is still not fully utilized. This paper proposes a mul-
tipermeability distributed air-gap inductor structure to increase
inductance without the necessity of increasing the inductor vol-
ume. The best discrete permeability value is investigated. Based
on the best discrete permeability value, inductance as well as the
inductance density trends is calculated by varying the number of
permeability layers under the condition that thickness for each
layer is constant. Also, the inductance variations versus the num-
ber of permeability layers are also obtained under the condition
that the inductor thickness is constant. A three-permeability in-
ductor and a single-permeability inductor are fabricated to eval-
uate the proposed method. The measured results show that the
three-permeability inductor has a much higher inductance than
the single-permeability inductor for the entire load range. Both
inductors are tested in a 5-V input, 3-V output dc/dc converter
to compare their performances. The results show that the three-
permeability inductor can further improve the efficiency of high-
frequency dc/dc converters.

Index Terms—Distributed air-gap, fringing effect, high effi-
ciency, multipermeability.

I. INTRODUCTION

HE inductor design for high-frequency dc/dc converters

has been a very popular topic in recent years because it
plays an important role in increasing the power density and in
improving the efficiency. In conventional high-frequency dc/dc
converters, the inductors are usually constructed with high per-
meability commercial magnetic cores and copper wires. For
these inductors, air-gaps are needed to prevent the magnetic

Manuscript received May 25, 2012; revised August 16, 2012 and October 25,
2012; accepted October 30, 2012. Date of current version February 15, 2013.

L. Wang, Z. Hu, and Y.-F. Liu are with the Department of Electrical and
Computer Engineering, Queen’s University, Kingston, ON K7L3N6, Canada
(e-mail: 1.L.wang @mail.xjtu.edu.cn; yanfei.liu@queensu.ca).

Y. Pei and X. Yang are with the Department of Electrical Engineering,
Power Electronics and Renewable Energy Center, Xi’an Jiaotong Univer-
sity, Xi’an, Shaanxi 710049, China (e-mail: peiyq @mail xjtu.edu.cn; yangxu @
mail.xjtu.edu.cn).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2012.2228504

Conductor

(a)

Conductor |

Low permeability

(b)

Fig. 1. Cross-sectional view of quasidistributed air-gap inductor and dis-
tributed air-gap inductor. (a) Quasidistributed air-gap. (b) Distributed air-gap
inductor based on LTCC or thin film technology.

cores from going into saturation. However, in some applications
such as voltage regulator modules (VRMs), the air-gap induc-
tors are driven by an excitation containing a large amplitude
ac excursion, causing serious eddy current conduction loss that
can be produced by the leakage flux, known as fringing effect
loss, resulting in a reduction of the converter efficiency [1]. Es-
pecially, as the new technologies drive the switching frequency
of the converters higher, the size and the winding window of
the magnetic cores become smaller and smaller; the windings
are thus closely exposed to the high-frequency leakage flux.
This causes the fringing effect loss to be higher, and it even
becomes a major component of the total inductor loss. With
the purpose of reducing the fringing effect loss, quasidistributed
air-gap [2]-[5] and distributed air-gap [6]-[20] techniques have
been proposed, as shown in Fig. 1. A quasidistributed air-gap
inductor is modified from an air-gap inductor by dividing a large
air-gap into some small gaps so that the fringing effect loss can
be reduced. To further reduce the fringing effect loss, the dis-
tributed air-gap inductors, which are essentially equivalent to
dividing the air-gap into a finite number of small gaps, have
also been proposed in [8]-[26], [27]-[29]. Iron powder chip
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Fig. 2. Planar inductor and the flux-density distribution in it for different
permeability configurations. (a) Structure of the inductor. (b) Flux-density
distribution.

inductors and low-temperature cofired ceramic (LTCC) induc-
tors are two typical examples. The iron power chip inductors
have been widely used in industry while the LTCC inductors
have become an increasingly popular topic in the academic re-
search field [13]-[24], [27]. However, there is still a problem
for designing such a distributed air-gap inductor since it has
the disadvantage of nonuniform flux-density distribution in the
magnetic cores. For air-gap inductors designed with commercial
magnetic cores, the flux density in the core can be seen as uni-
form, but for distributed air-gap magnetic cores, the flux density
in the magnetic cores can no longer be seen as uniform. It varies
according to equivalent magnetic reluctance along the flux path.
This inevitably leads to insufficient utilization of magnetic ma-
terial. Fig. 2 roughly illustrates the flux-density distributions in
three planar magnetic cores with the increase of current. The
first magnetic core is made with lower permeability magnetic
material, and the second one is made with higher permeability
magnetic material. The cross sections of the both magnetic cores
are roughly divided into three regions: Region I has the small-
est magnetic reluctance, and Region III has the highest, while
the Region II's magnetic reluctance is between them. For the
first magnetic core, at full load, Region I has high flux density;
Region IT has medium flux density; and Region III has low flux
density. However, at light load, Region II and Region III have
very low flux density, which means that the magnetic material
is not fully utilized. For the second magnetic core, under light-
and medium-load conditions, the flux density of Region II and
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Region III is higher than that of the first magnetic core. How-
ever, at full load, Region I becomes saturated. It can be seen that
the flux densities in both the low-permeability magnetic core
and the high-permeability magnetic core are not uniform. The
flux density of the outer side is much lower than that of the inner
side. The nonuniform flux-density distribution is caused by the
structure of the distributed air-gap inductors.

The utilization of the magnetic core is defined by the unifor-
mity of the flux-density distribution in the magnetic core. When
the flux density of the whole magnetic core reaches the allowed
peak flux density (which is used in the traditional design of
magnetics) simultaneously, the magnetic core is fully utilized.
In the illustration above, the outer side as well as the magnetic
material close to the outer side does not have the chance to
make their flux density as high as the inner side. It turns out to
be that part of the magnetic material cannot be fully utilized to
explore its potential. In practice, there are many factors limiting
the allowed peak flux density in the magnetic core, such as satu-
ration, core loss, thermal limitation, and inductor size. However,
whatever the allowed peak flux density is, the nonuniform flux
distribution and utilization problem still exist for the distributed
air-gap inductors, resulting in a low inductance value. To solve
the problem, this paper proposes to improve the flux-density
distribution in the magnetic core by gradually increasing the
permeability from magnetic material closer to the conductor
to further away from the conductor (Region I to Region III as
shown in Fig. 2). As a result, the flux-density distribution shown
in the uniform flux-density magnetic core is highly improved,
and the inductance value can be significantly increased without
increasing the volume.

Section II describes the principle of multipermeability induc-
tors. Section III analyzes and optimizes the design of multi-
permeability distributed air-gap inductors based on theoretical
calculation. Section IV presents the experimental results of a
three-permeability inductor as well as a single-permeability in-
ductor. Characteristics of the inductor prototypes are measured,
and the inductors are evaluated in a dc/dc converter for compar-
ison. Section V gives the conclusion.

II. BASIC IDEA OF MULTIPERMEABILITY INDUCTORS

This section introduces the basic idea and advantages of
the multipermeability distributed air-gap inductors. Two typi-
cal kinds of distributed air-gap inductors are analyzed in this
paper. One is toroidal inductors with circular cross section; the
other one is planar inductors with square cross section. For the
purpose of simplicity, this paper focuses on one turn induc-
tors based on which multiple turns inductors can be designed.
Fig. 3 shows the structures of the inductors. Their cross sec-
tions are shown in Fig. 4. Generally, the flux density in the
single-permeability magnetic core can be expressed by

_ MTNOI

B,
I

ey
where [, is the length of the magnetic path, B, is the corre-
sponding flux density along the path, p is the permeability of
air, and y, is the relative permeability of the magnetic material.
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Fig.3. One turn distributed air-gap inductors. (a) Toroidal inductor. (b) Planar
inductor.
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Fig. 4. Cross-sectional views of single permeability inductors. (a) Circular.
(b) Square.

From the inner side to the outer side of the magnetic core,
B, gradually decreases as [, gradually increases, which causes
the nonuniform distribution of flux density. Fig. 5 shows the
flux-density distribution of the two magnetic cores under 15
A excitation. The nonuniform flux-density distribution can be
clearly observed. The flux density, which is far away from the
conductor, is still very low while the flux density close to the
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Fig. 5. Flux-density distribution in single-permeability distributed air-gap in-
ductors. (a) Circular (Rg = 1 mm). (b) Square (w = 3 mm, h = 0.2 mm).

conductor has reached its allowed peak value B, jax. This
means that the magnetic material is not fully utilized, leading
to a low inductance value. By increasing the relative permeabil-
ity of the magnetic material continuously from the inner side
to the outer side of the magnetic core according to (2), uni-
form flux-density distribution can be achieved. The structures
of the continuously changing permeability magnetic cores are
shown in Fig. 6. Based on this method, the magnetic material
can be fully utilized and the inductance value can be increased
compared with the single-permeability inductors of the same
volume

B l
lr — a_maxbr . 2
UT( ) MOIf ()

The length of the magnetic path for the circular cross section
can be expressed by its circumference

=27r 3)

lr_circular

where 7 is the radius of the circular magnetic path.

Since the distributed air-gap inductor in this paper is used
to reduce the fringing effect loss caused by ac flux excursion,
the inductance value should be calculated by dividing the flux
variation with current variation as expressed by

Ap
=—. 4
A7 “

The per unit length (1 m) inductance for a toroidal inductor

can thus be expressed by

Rp
Lc_circular = / mdr (5)

Ry lr_circular
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Fig. 6. Continuously changing permeability distribution in distributed air-gap
inductors. (a) Circular. (b) Square.

The length of the magnetic path of the planar inductors can
be expressed by the rectangle. Its length of the magnetic path
can be expressed by

by _square = 2(w + h) + 8k. (6)

The per unit length inductance for a planar inductor can be

expressed by
Lc_squarc :/
0

With such a continuously changing permeability distribution,
the whole magnetic core can reach the allowed peak flux den-
sity simultaneously; thus, the magnetic core is fully utilized.
However, it is difficult to fabricate such a continuously chang-
ing permeability inductor in practice. Instead, we can divide the
region of varying permeability into different small regions, and
each small region has a discrete permeability. By doing this,
a magnetic core whose permeability discretely changes can be
realized. The inductors designed with these types of magnetic
cores are named multipermeability inductors. Fig. 7 shows the
structures of magnetic cores with n-layer multipermeability fer-
rites. Compared with the single-permeability structure, the pro-
posed magnetic cores have discretely increasing permeability
with the increase of radius or height. When the flux density in
the magnetic core is lower than the allowed peak flux density, the
permeability for toroidal and planar inductors can be expressed

o (1 )uod .

lr_bqudre

(7
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Fig. 7. Discrete permeability distribution in distributed air-gap inductors.
(a) Circular. (b) Square.

by
My RO < R < Rl
pri (1) = Wn1m2<R<&m ®
Lrn R, 1 <R<R,
st ko <k <ki(ky=0)
Hhsi (T) - Hsn—1 kn72 <k< knfl (9)
Hsn kny <k <kn.

And the per unit length inductance can be expressed by

Ld_clrculdr E / frifto ——dr (10)
Ri_1 r _circular
_HsiHo
Lisauare = § / g (11

III. DESIGN OF MULTIPERMEABILITY INDUCTORS

In this section, four parameters are further analyzed for the
optimal design of the toroidal and planar multipermeability in-
ductors. They are the permeability values, the thickness of each
permeability layer, the radius or height of the inductors, and
the number of permeability layers. For the purpose of quantita-
tive analysis, assumptions about the BH curve have to be made.
Fig. 8 shows the assumptive BH curves.

1) To simplify the calculation of inductance, the nonlinear

BH curve is approximated by a piecewise linear BH curve.
The first segment ends at the allowed peak flux density.
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Fig. 8. Idealistic BH curve under the assumptions.
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Fig. 9. Two three-permeability inductors and the permeability distributions.
(a) Circular. (b) Square.

2) The permeability of the following segment is approxi-
mately one quarter of the previous segment based on the
nonlinear BH curve.

3) All the magnetic materials have the same allowed peak flux
density even though their saturation flux density maybe
different.

A. Permeability Distribution

Two three-permeability magnetic cores are taken as examples
to illustrate the typical permeability distributions in a multiper-
meability inductor. The magnetic cores and their permeability
distributions are shown in Fig. 9. The dashed line shows the
permeability versus radius for a continuously changing perme-
ability distribution obtained according to (2). As the flux density
in (2) is chosen to be the allowed peak flux density, permeability
obtained through (2) should be the permeability defined in (8)
and (9). There are three cases for choosing discrete permeabil-
ity. The first one is that discrete permeability is lower than the
continuous permeability in the radius or height range R < R;
(k < k1); the second case is that discrete permeability is higher
than one part of continuous permeability, but lower than the
other part in the radius range R1 < R < Ry (k1 < k < kq);
the third case is that discrete permeability is completely higher
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Fig. 10. Three cases of discrete permeability distributions.

than the continuous permeability in the range Ry < R < R3
(kg < k < ks). For the first case, the inductance contributed by
this permeability is lower than the inductance from a continuous
permeability distribution, but the permeability will be effective
through the whole load range. For the second case, the first part
of the magnetic material will have a flux density higher than
the allowed peak flux density at full load, and its permeability
value then becomes one quarter of the original value. But the
flux density of the second part is still lower than the allowed
peak flux density, and the permeability, thus, does not change.
For the third case, the discrete permeability is completely higher
than the continuous permeability; thus, its permeability equals
one quarter of the original value, and has less of a contribution
for the total inductance at full load. (Flux density reaching the
second segment is only analyzed here, but for higher flux den-
sity which reaches the higher order segments, the conclusion
will be the same.)

An analysis is conducted to show the effect of the three typi-
cal permeability distributions to inductance values for a specific
magnetic material. Fig. 10 shows the three permeability dis-
tributions for the magnetic material between R; 1 (k;_;) and
R; (ki). AgBy is the continuous permeability curve between
R;_y (ki—1) and R; (k;). A1 By and A3 Bs show permeability
distributions, which are lower and higher than the continuous
permeability, respectively. As By shows the discrete permeabil-
ity crossing the continuous permeability curve.

The permeability at Ay and Bj can be calculated for both
kinds of inductors. Per unit length inductances versus current
will be analyzed separately for the three cases.

For circular shape

Ba_max27TRi71

pir (Ag) = il 12)
p1(By) = % (13)
For square shape
s (Ag) = ZB“‘“‘“(ZOZh Ak (14)
1 (Bo) = 2Ba_max§zz[_;h+4ki)- (15)
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1) First Case (A1 By): The permeability at point A; is lower
than the continuous permeability as shown in (16) or (17); there-
fore, the flux density of point A; is lower than B, . for the
whole load range; the inductance of toroidal inductor and the
inductance of planar inductor can be easily expressed by (18)
and (19), respectively

pr (A1) < pr(Ao) (16)
_ _ (Ao R
Ld,cn'cular,AlBl - o In <qu_1 (18)
(A)) w+ h + 4k;
L square_. = 1
d-square—4, By g orhian, )

2) Second Case (AyBsy): The permeability at point Ay is
higher than that at point A, while the permeability at point B
is still lower than that at point By as shown in (20) and (21). This
means that the flux density does not surpass the allowed peak
flux density when (22) and (23) are satisfied, and the inductance
of a toroidal inductor and the inductance of a planar inductor
can be expressed by (24) and (25), respectively. However, when
the current further increases, (26) and (27) become satisfied, and
the flux density begins to surpass the allowed flux density from
R;_1 (ki_1); the inductances then can be expressed by (28) and
(29), respectively

for (AO> < fr (A2) < :ur(BO) (20)
ps(Ag) < ps(Az) < s (Bo) 2D
fr (Ao)
I< I (22)
/’LT'(AQ) !
fs (Ao)
I< I (23)
MS(AQ) !
fir (A2) o R;
Ld,circular,Az By — o In (Rz . (24)
L _square_Ays By — 1 25
d-sq A2 By 8 n<w+h+4ki—1 (23)
fr (Ao)
I <I<I] 26
o (Az) ! ! 20
s (AU)
I;<I<I 27
/LS(AQ) r= ! ( )
(A
Ld,circular,Ang = %;)MO
o (As)I—pr (Ag) Iy
ol B o B Z B} (As)po
n +
Ry 2m
Ry + Gt (R — Ria)
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I _ ps(A2)mo
d_square_A, B, 39
S(As)T—ps (Ag)T
L Ha(A2)io
8
w ~+ h + 4k;
X In 3 Ak ps (Ao)T—ps (Ag)Iy k k
w + h+4k;_ 1+W(i_ i-1)
(29)

3) Third Case (A3Bs): The permeability at point Az is
higher than that at point By as shown in (30) and (31). There-
fore, the inductance calculation can be divided into three stages
as the current gradually increases. When (32) and (33) are satis-
fied, the inductance of the toroidal inductor and the inductance
of the planar inductor can be expressed by (34) and (35), which
are actually the same with the first case except that the per-
meability is higher. As the current further increases and (36)
and (37) become satisfied, the flux density begins to surpass
the allowed peak flux density B, _ax from R;_; (k;—1), and
the inductances can be expressed by (38) and (39), which are
the same with the second stage of the second case except for
the permeability. When the current reaches as high as expressed
in (40) and (41), the flux density of magnetic core completely
enters into the second segment, and then the inductance can be
expressed by (42) and (43) respectively

for (A3> >y (BO) (30)
Hs (AJ) > s (BO) G
pr (Ao)
I< (32)
o (Az)
ps(Ao)
I< I; (33)
/%(Ag) !
fir (Asz) o R;
L( circular_A3 By — 1 4
i_circular_A; By o n (Ri ) (34)
s (Ag),U/() w + h + 4k2
L _square_A3 By — 1 35
d q A333 8 <w+h+4kb_1 ( )
o (AO) oy (BO)

I <I< 36)
i) =T ) (
s (Ao) 115 (Bo)

I <I< 37)
i) =TS A (

T A
Ld,circular,Ang = %;)MO
o (As)I—pr (Ao) Iy
N s 1 G B Aot B~ B0 (Ag) g
n +
Ry 2m
< In B (38)

RLI"‘H()Iﬂ(

et (R = Ric)
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s (As) o
32

s(As)I—pg(Ag) I
wet b Ay o+ G GO — k)

Ldﬁquare,A;; By —

x In

w+ h+4k; 4
Ms (AS)H'O
+ 8
n 1 (Ag)T—pg (Ag)Iy
w+h+4(ki—1+ m%(kz —ki—1))
(39)
i (Bo)
I> I (40)
nr (As)
Hs (BO)
I> I 41)
ns(As)
pr (A3 ) o R;
Ld,circular,Ag By = 8 In (Rzl (42)
L square_A3 By — 1 . 43
dsauare—s By 32 n(w+h+4ki1 )

Based on the aforementioned analysis, the inductances ver-
sus the current for the three cases are illustrated in Fig. 11.
For case 1, the inductances keep constant for the whole load
range, but they have the lowest inductance at light load. For
cases 2 and 3, the permeability is higher; thus, the inductances
at light load are higher, but they have inductance drops near the
full load, showing great nonlinearity. The nonlinear inductance
makes the response to voltage drops and current transients also
have great nonlinearity, which can create difficulties with de-
signing circuits and problems with possible feedback. For this
reason, the permeability at R; 1 (k;—1) should not be higher
than the continuous permeability at Point A, which is p, (Ag)
or us(Ap) to ensure that there is no inductance nonlinearity.
However, the magnetic material still cannot be utilized fully if
the permeability is lower than p, (Ag) or us(Ap) as in the first
case. Therefore, to increase the inductance as much as possi-
ble, the highest permeability for the magnetic material between
Ry (ki—1) and R; (k;) is p, (Ag) (15 (Ao)).

B. Radius or Height of an Inductor With Constant
Permeability Layer Thickness

As analyzed previously, discrete permeability should equal
to the continuous permeability at R; ; (k;_1) so that each fer-
rite layer can be fully utilized. The next question is how to
design the thickness for each layer to maximize the total induc-
tance if the total number of layers and the total thickness of the
magnetic core have been given. Based on comprehensive ana-
lytical calculations, as shown in Fig. 12, it turns out that an even
permeability discretization and an equal thickness for all the
permeability layers are very close to the optimum solution. This
section further discusses the advantage of the inductance value
increase effect of the multipermeability inductor compared with
the low single-permeability structure under the condition that
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Fig. 11.  Per unit length inductance versus current for different permeability
configurations. (a) Circular. (b) Square.

they have the same size (it can also be seen that the multiperme-
ability inductor has a smaller size under the condition that they
have the same inductance). Fig. 13 shows the per unit length
inductance of the two kinds of inductors versus the inductor
radius and height when the thickness of each permeability layer
is the same. The inductance of the multipermeability inductor
increases proportionally to the total radius or height while the
inductance increase of a single- permeability inductor becomes
smaller and smaller as the radius or height increases. It is obvi-
ous that for a multipermeability inductor, the larger the radius or
height, the more significant the increase of inductance increase.
The inductance densities (obtained by dividing the inductance
with inductor volume) of the same volume magnetic cores with
the three kinds of permeability configurations are illustrated in
Fig. 14. It can be observed that although the inductance of the
multipermeability inductor is a little bit less than that of the
continuously changing permeability inductor, it is much higher
than that of the single-permeability inductor. A simulation is
also set up to show the flux-density distribution of multiper-
meability inductors. The results are shown in Fig. 15. Com-
pared with the single-permeability magnetic cores in Fig. 5, the
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Fig. 12. Permeability versus radius or height. (a) Circular (Ry = 1 mm).
(b) Square (w = 3 mm, h = 0.2 mm).

multipermeability magnetic cores have much more uniform
high-flux distribution, which allows the whole cores to be fully
utilized.

C. Number of Permeability Layers of an Inductor
With a Constant Radius or Height

Another factor that influences the inductance value is the
number of permeability layers in the magnetic core. A multiper-
meability structure is essentially an intermediate state between a
single-permeability structure and a continuously changing per-
meability structure, which can be seen as a multipermeability
structure with an infinite number of permeabilities. To illustrate
the impact of the number of permeability layers on inductance, a
calculation is made in this section to show the inductance value
versus the number of permeability layers. Fig. 16 shows the dis-
crete inductance values with the number of permeability layers.
As the number of permeability layers gradually increases from
1 to 50, the inductance for the toroidal inductor increases from
39 to 59 pH (for square cross section, the inductance increases
from 26 to 70 pH). And the inductances become closer and
closer to the inductances of the inductors formed with contin-
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Fig. 13.  Per unit length inductance versus radius or height. (a) Circular (B¢ =
1 mm). (b) Square (w = 3 mm, ~ = 0.2 mm).

uously changing permeability magnetic cores. Considering the
inductance value gain and complexity of the manufacturing pro-
cess, it is suggested that three to ten layers are used for general
design.

IV. PROTOTYPE FABRICATION AND EXPERIMENT

To identify the inductance increasing effect of the multi-
permeability inductors, a three-permeability inductor is fabri-
cated in this section. For the purpose of comparison, a single-
permeability inductor is also fabricated. The two inductors have
the same volume, which is 2.47 cm®and the same length, which
is 3 cm. Their pictures are shown in Fig. 17. The cross-sectional
views are shown in Fig. 18. The windings for both single-
permeability and three-permeability inductors are copper wires
with 1-mm radius. Three kinds of the ferrite sheets are selected
to make the magnetic cores. They are C350 from Epcos, and
IRJ04 and IRJ09 from TDK. They have a relative permeability
of 9, 40, and 100, respectively. The three-permeability inductor
is designed by using C305 as the inner layer, IRJ04 as the middle
layer, and IRJ09 as the outer layer. Due to the lack of available
magnetic sheets with the desired permeability, the thickness for
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Fig. 19. Inductance versus current.

each kind of permeability cannot be designed to be the same. To
ensure that the winding resistance is low enough, the radius of
the conductor is selected to be 1 mm, and the inner radius of the
first magnetic layer is, thus, I mm. The inner radii of the other
two magnetic layers are determined by

MT,UOIf

Rin =
27 By _max

(44)
where B, n.x 1S the allowed peak flux density of magnetic
material; Iy is the full-load capability; and i, is the relative
permeability. The radius of the outer layer is 5.5 mm, which is
actually determined by the whole inductor volume. Based on
previous calculated radius values, the thickness of each mag-
netic layer could be easily obtained; they are 1.5, 2, and 1 mm,
respectively.

A 1 MHz 5-V input 3-V output buck converter is constructed
to test the two inductor prototypes. The two inductors are ap-
plied in the converter to obtain their inductances versus current
curve by measuring the peak—peak current ripple. The results are
shown in Fig. 19. The single-permeability inductor has a nearly
constant inductance for the whole load range, which is 100 nH.
For the three-permeability inductor, the light-load inductance
is 280 nH, which is almost three times the single-permeability
inductor, but it gradually drops to 200 nH due to the nonlinear
characteristic of the BH curve. Finite element analysis (FEA)
software is used to simulate the winding loss with the pur-
pose of evaluating the loss of the two inductor prototypes in
the converter. The result is shown in Fig. 20. Benefiting from
its higher inductance value and lower current ripple, the three-
permeability inductor has about 20 mW lower winding loss
than the single-permeability inductor does although the wind-
ing losses of both inductors are not more than 90 mW (the loss on
the connection between inductor and the PCB board is not taken
into account). For the lack of the Steinmetz parameters of the
magnetic materials, the core loss of the two inductors cannot be
obtained by simulation. However, their thermal pictures under
the same operating condition are taken to compare the core loss
indirectly. Fig. 21 shows the thermal pictures of the two induc-
tors. It can be observed that the three-permeability inductor has
nearly the same temperature as the single-permeability induc-
tor, which means that the core loss is at least not significantly
increased by adding higher permeability magnetic materials.
The efficiencies of the converter with the two inductors are also
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Fig. 21. Thermal pictures of the inductors in the tested dc/dc converter.
(a) Single permeability inductor. (b) Three-permeability inductor.

-
93 —+—Single permeability
~8-Three permeability
90
=
3“‘:‘-_85
=
2
£50
=
75
70
5 5 2
¢ Curll"?ntﬁ-\ ! 49
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tested to show the effect of efficiency improvement of multiper-
meability inductors for its higher inductance leading to lower
current ripple. The results are shown in Fig. 22. The efficiency
of the converter with the three-permeability inductor is about
4% higher than that of the single- permeability inductor, which
means that the multipermeability inductor can help to improve
the efficiency of the converters due to the inductance increase.
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V. CONCLUSION

This paper proposed a multipermeability inductor structure
to improve nonuniformly distributed flux density of distributed
air-gap inductors. Analysis shows that the inductance value can
be significantly increased based on this structure. The perme-
ability values, the radius and height of the inductor, and the
number of permeability layers are analyzed to optimize the
design of a multipermeability inductor. The most effective per-
meability for each layer of ferrites is to make them equal to
the corresponding continuous permeability at the inner radius
or height. If the thickness of each layer is constant, then the
inductance can be significantly increased when the number of
permeability layers as well as the inductor radius or thickness is
increased. Increasing the number of discrete permeability layers
can also increase the inductance value when the inductor radius
or height is constant, but the effect is less and less significant
as the number of discrete permeability layers becomes larger.
To identify the inductance increase effect, a three-permeability
inductor and a single-permeability inductor of the same volume
are made for comparison. The single-permeability inductor has
anearly constant inductance of 100 nH for the whole load range
while the three-permeability inductor has a 280 nH inductance
at light load and a 200 nH inductance at full load. Compared
with the single-permeability inductor, the three-permeability in-
ductor can improve the efficiency of a dc/dc converter by 4%.
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