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Two-Dimensional Gapping to Reduce Light-Load
Loss of Point-of-LLoad Inductor
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Abstract—Point-of-load converter at light load has low efficiency
owing to the “fixed losses” such as core loss and ac winding loss.
This paper focuses on two-dimensional (2-D) gapping of a ferrite
core to shape inductance versus load current to reduce inductor
loss at light load. Since the maximum inductance of conventional
stepped gap is limited by the cross-sectional area of the thin gap,
a 2-D gap is formed by joining two orthogonal gaps to gain flexi-
bility. Higher inductance is achieved at light load compared with
uniform-gap and stepped-gap geometries having the same volume
and dc resistance. AC resistance is reduced at light load thanks to
a magnetic path that steers ac flux away from the winding. Two C-
cores with 2-D gap were fabricated and tested on a buck converter
with 50% reduced total inductor loss at 10% load current.

Index Terms—2-D gap, nonlinear inductance, loss at light load,
swinging inductor.

NOMENCLATURE

Be Magnetic flux density for C-cores
at nominal load.

By Magnetic flux density for /-bar in
Fig. 3(c).

Bgatco Saturated magnetic flux density
for C-cores in Fig. 3(c).

Cp,x,andy Core loss coefficients.

cand kp Fitting parameters for uj, — By
curve.

D Duty cycle.

Hg. DC component of magnetic field
intensity.

h Core thickness.

14 DC current of the inductor.

Tinitial Initial current in simulation.

Tinee Knee current.

Doad Load current.

L RMS value of inductor current.

Irp—yp Peak-to-peak current through the
inductor.

K. DC effect on core loss density.

Liax Inductance at zero current.

Lyin Inductance at nominal load.

Manuscript received November 16, 2015; revised January 24, 2016; accepted
February 17, 2016. Date of publication March 2, 2016; date of current version
September 16, 2016. This work was supported by Texas Instruments. Recom-
mended for publication by Associate Editor J. Acero.

T. Ge and K. D. T. Ngo are with the Center for Power Electronics Systems,
Bradley Department of Electrical and Computer Engineering, Virginia Tech,
Blacksburg, VA 24061 USA (e-mail: gting@vt.edu; kdtn @vt.edu).

J. Moss is with Texas Instruments, Santa Clara, CA 95051 USA (e-mail:

Jim.Moss@ti.com).

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.2016.2537273

la1 Width of thin gap in stepped gap
or width of I-bar in 2-D gap.

la2 Half width of middle leg in 2-D
gap.

la3 Half of core height minus [, for
2-D gap.

laa Width of the side leg.

l, Effective length in the C-cores.

ly Length for uniform gap.

lg1 Thin gap’s length in stepped gap.

lgo Thick gap’s length in stepped gap
and 2-D gap.

ly3 Thin gap’s length in 2-D gap.

N Number of turns.

Pyac AC winding loss.

Pyt Total winding loss.

P, Core loss density without biased
effect.

P, Core loss density with biased ef-
fect.

R AC resistance.

R.,Rr,Ry1, Rys,and Ry3 Reluctances for C-cores, I-bar,
and gaps (lg1, 142, and [43).
Rae DC resistance.

Vip—p Peak-to-peak voltage across the
tested inductor.

o Ratio between the inductance at
Tinee and Ly ax.

Lo Permeability for air.

Ly Relative permeability.

Iy Relative permeability of /-bar.

©1, P2 Magnetic flux.

I. INTRODUCTION

HE efficiency of a power converter usually drops at light

load [1]-[3]. Among the reasons for the degradation are
the inductor’s losses that do not scale down with load current [4].
Without considering the dc bias, the core loss [5] is determined
by the inductor’s voltage and remains relatively constant as load
current varies. Ferrite is employed herein to keep core loss low.
The material chosen is P-ferrite which has low core loss density
at 500 kHz. A ferrite core would need a (air) gap to control
inductance, but this gap could adversely affect the other fixed
loss which is the loss P, ,. associated with ripple current [6]—
[8]. Since P, , is related to ac resistance R,. and ripple current
L by Ppac = Raclfc, it can be decreased by reducing R,. or
I,,.. This paper will address how to shape and design the gaps
to control full-load inductance, to swing the inductance up at
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light load to reduce I,., and to steer fringing flux from the gaps
away from the winding at light load to reduce R,.. Core loss is
analyzed to quantify its significance at light load as ac winding
loss decreases.

Several methods have been reported to vary inductance with
current. A simple way is to use two windings, one sustaining
the main current and the other controlling the saturation level
[9]-[12]. The extra winding adds loss and volume. Composite
material that contains ferrite and powder iron can have current-
dependent inductance. Commercial composite inductor in [13]
shows high swinging, but the volume almost doubles that of
constant inductors with the same current rating and dc resis-
tance. Replacement of the air gap by magnetorheological (MR)
fluid can also provide swinging inductance [14], [15]. Another
solution is the use of low-temperature cofired ceramic (LTCC)
with permeability dropping gradually [6]. All these methods
have high core loss that originates from powder iron, MR fluid,
or LTCC. Several gapping methods, like stepped gap or sloped
gap, are available for ferrite core to realize step-shaped induc-
tance with low core loss [16]-[19]. Their maximum inductance
is limited by the thin gap.

In this study, a uniform-gap ferrite inductor is retrofitted with
a 2-D gap to realize high swinging and low loss at light load
without modifying the volume or the dc resistance. A thin gap is
placed orthogonally to the existent thick gap to take advantage
of the significantly larger cross-sectional area in the orthogonal
direction. The thick gap is assumed horizontal and the thin gap
vertical in the remainder of this paper. Inductance, core loss, and
winding loss are optimized simultaneously to minimize the total
loss at light load. The tradeoff between inductance swinging
and saturation is analyzed to optimize the thickness of saturable
piece. Finite-element simulation is the primary tool to deal with
ac winding loss, bias-dependent and frequency-dependent core
loss, and nonlinearity owing to saturation.

In Section II, the material and application circuit are reviewed;
the 2-D gap inductor is delineated and compared with inductors
using 1-D gaps (thick gap, thin gap, and stepped gap); simu-
lated inductances and losses versus current are analyzed for all
four cases. A design procedure for the inductor with 2-D gap
is depicted in Section III along with a design example. Experi-
mental results are discussed in Section IV to verify theory and
simulation.

II. 2-D GAPPING TO ACHIEVE HIGH SWINGING
AND LOW LOSSES

Inductors with 2-D gap and 1-D gaps (thick gap, thin gap,
and stepped gap) are described and compared using the same
application circuit, magnetic material, outer core dimensions,
dc resistance, rated current, and voltage excitation. These gap-
ping methods are evaluated using the buck converter shown in
Fig. 1. The switching frequency is 500 kHz; the input voltage,
10 V; the output voltage, 5 V; and the nominal load current,
5 A. The two MOSFETs are BSCO80NO3LS with R4 (on) = 8
m¢?2 and voltage rating of 30 V from Texas Instruments. They
are driven synchronously and in continuous-conduction mode.
The inductance at rated current is L = 4.7 uH. The capacitors
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Fig. 1. Buck converter (switched at 500 kHz and outputting 25 W) used to
compare gapping methods.
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Fig. 2. Swinging inductor modeled by (a) serial inductances and (b) parallel
reluctances.

are Cj, = 10 puF and C,,; = 10 uF. With these parameters, the
current ripple through the inductor is 1 A, and the voltage ripple
across the output is 25 mV. Conventional and 2-D gap geome-
tries are described next so that their impacts on inductor’s loss
at light load can be compared in Section II-B.

A. Gap Geometries and Inductance Swing

The nonlinear mechanism of a swinging inductor with multi-
ple gaps is explained by the constant reluctance that represents
a single thick gap in series with a variable reluctance that rep-
resents a single thin gap shown in Fig. 2. A sufficiently thick
gap would be able to contain most of the energy and keep the
inductance relatively constant over the load range. A thin gap
can store only a part of the required energy; the balance of the
energy is stored in the ferrite core [20], [21]. The inductance
is then controlled by the nonlinear permeability (and the gap
length), giving rise to the swinging behavior. To realize high-
current rating from the thick gap and inductance swinging from
the thin gap, the two gaps are employed in one core to behave
as a swinging inductor modeled by the series inductances in
Fig. 2(a) and the dual parallel reluctances in Fig. 2(b). Light-
load inductance L.y is determined by the thin gap while the
core is not saturated, and inductance at nominal load L,,;,, is de-
termined by the thick gap after the thin gap is saturated. Larger
dimensions (cross-sectional area and length) of the gap are ben-
eficial for current-handling capability and swinging factor, but
the increased volume is undesirable. Alternatives for gap place-
ment to achieve wide inductance range without compromising
energy density are studied.

The thick and thin gaps that are in line are termed “1-D
gap” or “stepped gap” as shown in Fig. 3(b). The gap shown in
Fig. 3(a) is a special case of 1-D gap where either the thin gap or
the thick gap is eliminated. The equivalent circuit for Fig. 3(b)
is a constant inductor in series with a swinging inductor as
shown in Fig. 2(a). If the width 2[44 of the middle leg for the
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Fig. 3. 2-D plot of (a) constant gap design, (b) stepped-gap design, and (c)
2-D gap design with (d) equivalent reluctance network. They all have the same
outer dimensions (10.8 mm x 6.5 mm x 3.5 mm) and dc resistance (11.8 m$2).

E core in Fig. 3(b) is fixed, an increase in the width [4; of
the thin gap to improve light-load inductance L,,,, causes a
corresponding decrease in the width of the thick gap, resulting
in loss of nominal-load inductance L,,;,. Another disadvantage
of the stepped gap is that the magnetic area around the thin gap
would be saturated at heavy load. As the ! 4; increases, the whole
core would be saturated gradually. Even if the specified nominal-
load inductance could be satisfied, e.g., a uniform thin gap with
la1 = 2144, saturation would bring high bias-dependent core
loss, which will be discussed in Section II-B.

In order to overcome the restriction on maximum inductance
for stepped gap, and to gain more freedom in controlling the gap
dimensions, the inductor with “2-D gap” illustrated in Fig. 3(c)
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Fig.4. Simulated ac flux density at(a) /4. = 0.1 Aand (b) I3, = 5 A forone-
fourth model of 2-D gap shown in Fig. 3(c) with [;3 = 0.05 mm, [,5 = 0.25
mm, {44 = 2.15 mm, and l4; = 0.7 mm; (c) simulated inductance versus dc
current. Core material is P-ferrite described in Section II-B.

places the thin gap perpendicular to, instead of in-line with,
the thick gap to take advantage of a larger cross-sectional area
(lx3 > l41) to achieve higher inductance at light load with the
same thin-gap’s length. One I-bar in Fig. 3(c) is inserted between
two C-cores to construct the vertical thin gaps, behaving as a
swinging reluctance 243 in Fig. 3(d). The choice of stepped gap
or 2-D gap depends on the aspect ratio of the core. The 2-D gap is
advantageous when the core’s aspect ratio is close to unity since
the volume in two dimensions stores more energy and yields
higher swinging than one dimension. As mentioned earlier, the
41 in the stepped gap determines the tradeoff between the light-
load inductance and saturation level at nominal load. The 2-D
gap decouples the two effects by using two independent and
orthogonal geometrical parameters, the thickness of the /-bar
and the cross-sectional area for the thin gap. The light-load
inductance then relies only on [ 43 and [,3; and the bias level at
nominal load can be designed by 14 .

Inductors employing thin gap, stepped gap, and 2-D gap ex-
hibit swinging behavior via similar mechanisms. This is ex-
plained by the distributions of ac magnetic flux density B,. at
light load and nominal load for the 2-D gap in Fig. 4(a). The
materials used in the simulation are described in Section II-B.
At light load where no core saturates, the /-bar is a part of a
low-reluctance path [R,3 — R. — Ry in Fig. 3(d)] that not only
yields high inductance, but also steers ac flux away from the
conductors to lower ac resistance. The higher flux density in the
I-bar incurs more core loss, but core loss will be shown negli-
gible to winding-loss reduction in the next section. At nominal
current, the /-bar in Fig. 3(c) would be saturated, and has low per-
meability as well as low ac flux density as shown in Fig. 4(b). The
reluctance path then transfers to “Ry — R. — R;.” The fring-
ing flux in the winding window induces higher ac resistance,
but core loss is reduced thanks to lower B, in the I-bar. Small
ac flux caused by the fringing flux remains in the /-bar at the
region close to the intersection of the two orthogonal gaps. The
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Fig.5. Two 3-D candidates of 2-D gap design: (a) Two C-cores with saturable
bar and (b) pot core with saturable cylinder.

equivalent cross-sectional area for the thick gap is increased,
and the nominal-load inductance is comparable to that of the
inductor with uniform, thick gap. This is the key reason for the
inductor with 2-D gap achieving swinging inductance without
losing heavy-load inductance within the same volume. Since
the I-bar absorbs significant fringing flux at nominal load, ac
winding resistance is lower than that in 1-D-gapped inductor.

The parameters L, ax, Liin, and Iy, defined in Fig. 4(c)
characterize the inductance swinging of the 2-D gap. The light-
load inductance L., . is defined as the inductance at zero cur-
rent, derived by Ry3, Ry, Ry2, and I, in Fig. 3(d). The reluc-
tances R; and R, are negligible at light load since both C-cores
and /-bar have high permeability. The dimensions of the gaps are
selected such that lgs /a3 << lgs/la3 to make R;3 << Rgs.
Fringing effect is neglected since the thin gap’s length is much
smaller than the height of I-bar in Fig. 3(c). Then, L.y is
approximated by

N2
(R.(13 +Rp)// (%R.q?) /] (%RC)

N2l43h l l
_ A3 o ( g3 < g2

lag a2

N2
Lmax - ~ =
Ry3

)

lg3

where N is the number of turns; 1 is the air permeability; and
h is the core thickness.

The nominal-load inductance L,,;,, depends on R o and R..
Since R. << Ry, the minimum inductance is approximately

N? ~ N2(2l,42 —|—lgg)(h+lgz),u0
(3Ry2) // (5Re) ly2
(2

where fringing effect is taken into account by extending the
cross-sectional dimensions for the thick gap by /45 [22].

Since the inductance at Iy is still high, most of the flux
goes through the /-bar and thin gap instead of the thick gap. Let
Br be the average magnetic flux density in the /-bar when the
current is Jlipee. The flux flowing through the cross-sectional
areas [41h and [43h are Bylqh. The current Iy, .. is given by

Lmin -
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Fig.6. (a)Relative permeability and (b) measured core loss density of P-ferrite
versus Hg. at 500 kHz and 25 °C.

Two candidates to implement the 2-D gap are shown in Fig. 5.
One is to insert a ferrite plate (/-bar) into the middle region for
gapped C-cores. Between the /-bar and C-cores is the thin part
of the 2-D gap. The thick part of the 2-D gap is orthogonal to
the thin part and is embedded within the C-cores. The other
structure is a pot core combined with one ferrite cylinder in
the center hole. The thick gap is placed between the two core
halves, whereas the thin gap surrounds the cylinder core. Note
that (1)—(3) were derived for Cartesian coordinates; cylindrical
coordinates need to be considered for pot cores. A drawback of
the pot core with 2-D gap is the difficulty in controlling the thin
gap’s length.

B. Performance Comparison

The material for general gapped inductor is ferrite. Here, the
material chosen is P-ferrite which has low core loss density at
500 kHz. Measured permeability, flux density, and core loss
density are shown in Fig. 6. The saturated magnetic flux density
is 0.45 T. Core loss is sensitive to dc bias, especially when
the core is saturated [24]-[33]. The core loss versus dc bias
in Fig. 6(b) was measured by two U cores (OP41106, P-ferrite)
with one winding for the dc excitation (0-0.7 A), one winding for
ac excitation with sinusoidal waveform, and the other winding
for flux sensing. Each winding had five turns of 180 strands with
a total diameter of 0.72 mm. Measurement procedure followed
[34]. A capacitor in series with the tested inductor was used to
cancel the passive component of the voltage to improve phase
accuracy. This capacitor was adjusted with dc current based on
the measured permeability curve in Fig. 6(a).

The dependence of core loss density P, on dc magnetic field
intensity Hy. is accounted for by the function Kq.(Hqy.) [35]

Pv = PvOch(Hdc) (4)

where P, is the core loss without dc effect, which can be cal-
culated by such models as MSE [36], GSE [37], iGSE [38], or
RESE [39]. Here, the model [40] native to the finite-element
simulator is used since it deals with the dynamic core loss for
2-D or 3-D conveniently via the core loss parameters C,, x,
and y extracted from the loss curve associated with sinusoidal
excitation. It takes into account minor loops to predict instan-
taneous hysteresis loss. The model parameters can be extracted
from standard loss curves, e.g., C,, = 6.22 x 1073, . = 1.93,
and y = 2.66 for P-ferrite.
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Fig. 7. (a) Simulated L versus gap length for uniform gap and (b) simulated

L versus Iq. for 2-D gap with the dimensions in Fig. 4, stepped gap (1 =
0.05 mm and lyo = 0.25 mm), thin gap (I; = 0.116 mm), and thick gap
(lg = 0.25 mm) with structures in Fig. 3.

Core loss density was measured as a function of Hy. and
plotted in Fig. 6(b). The magnitude of the magnetic flux density
in the design example is close to 30 mT. Curve fitting yields

Kge (Hge) = 0.000075H2, — 0.00203Hy, + 1,

for B,. = 30 mT ©)

where H,. is the dc component of magnetic field intensity in
A/m.

The specifications of input voltage equal to 10 V and output
voltage equal to 5 V determine the duty cycle D. The core loss
density for rectangular voltage versus duty cycle with a fixed
flux density [39] is calculated by

8
72[4D (1 — D)]

Pchctjixch - 1 Cm .]M Bgc (6)
where « = 0 for sinusoidal excitation, and 0 < |y| < 1 [39] for
triangular flux density. The core loss density is minimum at D
= 0.5 for fixed B,.. If flux density varies with D to adjust the
output voltage for a fixed input voltage, the core loss density is
8 V. -D)D1Y
e [120-D12)
72 [4D (1 — D)]” 2f
8-y

= C fFVVY.
72 [4D (1 — D) 1Y U

R,‘Ject,Vin =

@)

Since |y| < 1andy > 2, maximum core loss density occurs at
D = 0.5 for fixed V},; this will be confirmed later in this section.

The nonlinear permeability of the core material gives possi-
bility to realize swinging inductance by using only one gap [20].
Two gaps to implement the required inductance at heavy load
(e.g., L=15 puH at 5 A) are shown in Fig. 7(a). The inductance
for the thick gap at I, = 0.25 mm is constant, whereas the thin
gap at [, = 0.114 mm yields swinging inductance. Simulated
inductances for four cases (2-D gap, stepped gap, thin gap, and
thick gap) are shown in Fig. 7(b). The 2-D gap and stepped gap
have the same thin gap’s length and thick gap’s length. The 2-D
gap has the swinging factor up to four although the knee current
is relatively small, which is suitable for point-of-load converter
working at two load conditions to improve efficiency as reported
in [16]. The inductance for the thin gap is higher than that of
stepped gap thanks to its larger effective cross-sectional area at
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Fig. 8. (a) Voltage excitation and (b) simulated current waveforms labeled by
Linitials Ldes Irms Ifms — Igc , Pyt,and R, for 2-D gap with the structure in
Fig. 3 and gapping parameters in Fig. 4.

light load. However, the saturation of the thin gap at nominal
load would decrease the inductance quickly, and bring higher
core loss.

DC winding loss is dominant at nominal load since ripple
current is negligible compared with dc current. The four cases
have almost the same winding loss at nominal load as shown
in Fig. 9(b) by specifying the same dc resistance. As dc current
decreases, the winding loss is dominated by the ac ripple and ac
resistance. The 2-D gap with the highest inductance at light load
shown in Fig. 7(b) has the lowest ac ripple. The ac resistance
R, is calculated from

PWt = IgcRdC + (Ir?ms - Igc) R&C' (8)

Transient finite-element simulation was employed to extract
R,. versus Ii. as visualized in Fig. 8. The inputs were
the voltage waveform in Fig. 8(a) and the initial current
Linitian Which were swept from 0 to 5 A [see Fig. 8(b)]. The
corresponding current waveforms, dc currents /4., rms currents
Iims, and total winding loss Py (including all harmonics) are
tabulated in Fig. 8(b). With R, derived from finite-element
simulation, R,. (including all harmonics) is calculated from
(8) and tabulated in Fig. 8(b). The average R,. is 0.97 Q2 with
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Fig. 9. (a) Simulated ac resistance R,. and (b) total winding loss versus dc

current for 2-D gap, stepped gap, thin gap, and thick gap with structures in Fig. 3
and gapping parameters from Fig. 4.

=}
b4

§ Thin ga g
; 0.03 [-bar core of 2D gap 50 : Thick g4
(=] b,
= 0.02763] 2D gap E Stepped ga
s s Th
< 0.01 F
: o 0.01 2D gap
pe—_— )T g2 =
0 ccortor 2D gap ¢ 0.1 I 10
0.1 I L (A 10 I (A)
(a) (b)
Fig. 10.  (a) Simulated core loss and (b) total inductor loss versus dc current

for 2-D gap, stepped gap, thin gap, and thick gap with structures in Fig. 3 and
gapping parameters from Fig. 4.

6% wvariation for triangular current. The inductor was also
simulated with sinusoidal voltage. The observed average R,
(with sinusoidal excitation) was 0.86 2 with 7% variation.

The ac resistance of 2-D gap is small at light load because the
flux lines are steered into the /-bar and away from the windings
as shown in Fig. 4(a). The ac resistance drops as the current in-
creases as shown in Fig. 9(a) thanks to an increase in equivalent
gap length and a decrease in field strength [41].

The ac flux lines transfer to the thick gap after the /-bar sat-
urates as illustrated in Fig. 4(b), inducing fringing flux in the
winding window and high ac resistance. The further increas-
ing current at heavy load would increase bias level of C-cores,
and reduce the field intensity in the winding window. The ac
resistance drops again with similar mechanism as the first dip.

Core loss was simulated for four cases considering the
frequency-dependent and bias-dependent nonlinearities. Volt-
age excitation was an ideal rectangular waveform based on the
circuit from Fig. 1. The core loss density P, and average mag-
netic field intensity Hy. for each element were simulated by
FEA. Core loss density with dc effect at each element was then
calculated by using the P, and H,. in the model from (4) and
(5). Total core loss was derived by the volume integration of
core loss density. For the stepped gap and thick gap, core loss
is almost constant because the distribution of flux density does
not change significantly. The high dc bias for thin gap at heavy
load leads to saturation shown in Fig. 12(b) and high core loss
in Fig. 10(a). The inductor with 2-D gap shows high core loss
at light load resulted from the /-bar, which is demonstrated by
separating the core loss from /-bar and that from the C-cores
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Fig. 11.  Simulated (a) core loss and (b) total loss versus dc current and duty
cycle D for 2-D gap in Fig. 3 and gapping parameters from Fig. 4.
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Fig. 12.  Simulated dc flux density of (a) thick gap, (b) thin gap, (c) stepped
gap, and (d) 2-D gap at I3 = 5 A for one-fourth model with structures in Fig. 3
and gapping parameters in Fig. 4.

illustrated in Fig. 10(a). One effective way to reduce the light-
load core loss is to utilize the material with low loss density.
Another method described in Section II-C is to adjust the thick-
ness of the I-bar to move the peak core loss to higher current.
Total loss plotted in Fig. 10(b) is dominated by winding loss at
light load for all cases except the 2-D gap which has significant
reduction of winding loss.

The core loss and total loss versus duty cycle and dc current
for 2-D gap are plotted in Fig. 11. Highest core loss and total
loss are incurred for D = 0.5 owing to high B, ., confirming that
D = 0.5 is the worst case for buck converter [39].

The dc flux density was also simulated to evaluate the oper-
ation at nominal load. Without the thin gap, the whole core has
no significant hot points as shown in Fig. 12(a). The magnetic
segments adjacent to the thin gaps in Fig. 12(c) and (d) saturate
first, and saturation could spread into the magnetic regions in
series with the thick gaps unless the core is properly designed
(see Section II-C). Once the I-bar in the 2-D-gapped inductor
saturates, the ac flux prefers to flow through the C-cores and the
thick gap. The I-bar then carries negligible ac flux and enjoys
low core loss although it is biased by high dc magnetic field
intensity. A design priority is to keep the C-cores away from
saturation to avoid high bias-induced core loss. This will be
described in Section II-C. The dc flux density for the uniformly



546

25 | oo
14 +0.7 mm = Lip=2mm
20 : = Li=0.7 mm |
g1 1 =2 mm Eﬂ'm
= 2
~l0 j -
5 =1mm |
> L L Ly $0.2 mm
0 _L;..—_.{I.Z.mr.. - 0.001 !
0.1 10 0.1 1 10
lac I(AJ Ige (A)
(a) (b)
=~ 1 1
= e 1= 0.7 mm
201 = Z 0.104=02m
= = :
50.01 fir=+mm F0.01 |,-!__. LS HAT
g —h = |
% )l R = Ly =2 mm
001 0.001 |
0.1 1 10 01 l 10
I (A) Iy (A)
(c) (d)
Fig. 13.  Simulated (a) inductance, (b) core loss, (c) winding loss, and (d) total

loss versus dc current for 2-D gap with geometry in Figs. 3 and 4, parametric
with thickness of I-bar (I 41).

thin gap is relatively high as illustrated in Fig. 12(b). If the
core were saturated, core loss and temperature would increase,
leading to thermal run away.

C. Choice of Thickness for I-Bar

The impact of the I-bar’s thickness on inductance and loss
was assessed numerically to establish design criteria for [4;.
Inductance, core loss, winding loss, and total loss are plotted
versus load current and [4; in Fig. 13. More current is needed
to saturate a thicker /-bar. An advantage of this is an increase
in Ii,ee [see Fig. 13(a)], i.e., the range of light load that enjoys
lower winding loss is broadened [see Fig. 13(c)]. Core loss also
decreases with [4; as illustrated in Fig. 13(b). An increase in
the cross-sectional area of the /-bar, however, means more flux
would enter the C-cores [see Fig. 12(d)] and the risk of satu-
ration would increase at nominal load current. This is evident
for the curve corresponding in Fig. 13(a), which is lower than
the specified nominal-load inductance. Winding loss and bias-
dependent core loss would increase with [4; at nominal load
as shown in Fig. 13(c) and (b), respectively. In order to avoid
the saturation issue, the dc flux density in the C-cores should be
estimated at the beginning of design, followed by the equations
to calculate [ 4 as discussed in the latter part of this section.

The dc flux density B¢ in the C-cores under nominal load
is derived from the dc flux ¢; through the I-bar, ¢, through
the thick gap, and [44h B, through the C-cores as illustrated in
Fig. 12(d). The contribution of the saturated I-bar to nominal-
load inductance is negligible, i.e., Ly, is dominated by the
thick gap. The dc flux ¢; is assumed to retain the value
LinaxTinee /2N attained at Iy00, Whereas oo is approximated
by Linin lioad /2N . The approximate expression for Bc is then

_prter 1

B ~
¢ Lish ONhiL

(Lmaxlknee + Lminlload) . (9)
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The last equality in (9) constrains the specifications of
Linees Limax, and Ly, iy, especially since B¢ should be lower
than saturation flux density to limit core loss. Since [Ijce iS
proportional to [4; via (3), larger [4; leads to larger Bo and
higher bias-dependent core loss.

The B—H curve and p, — H curve are approximately linear
before saturation as seen in Fig. 6(a), i.e., p, s is linearly related
to B I

prr =c—kpBy (10

where (7, is the relative permeability in the /-bar; ¢ = 2000 and
kp = 3700 [1/T] for the P-ferrite in Fig. 6(a). The current Iy
and the corresponding inductance oL, ,x,0 < o < 1, charac-
terize the inductance droop caused by saturation of the /-bar.
Since the inductance at Iyee is still high, most of the flux goes
through the I-bar and thin gap instead of the thick gap. Since
R is no longer negligible compared to R,3 at Iiyce

N2
ol ¥ ————. 11
Sy ey (11)
From (1) and (11)
1—
Ry = — Ry at Tuee- (12)

If the flux lines inside the /-bar [see Fig. 4(a)] are approxi-
mated to be elliptical [23]

4la3 + (71'— 2) la1
purrpoh (4 + Lag) In (5

Equations (1), (3), (10), and (13) are combined to yield a
relationship from which [ 4; is determined

- 4ZA3+(7T*2)1A1

« (Clgg _kBIknv(fl/::OIZABN> (2111‘7134_1) In (é?TZ)
(14)

R, = ) (13)

11—«

III. RETROFIT DESIGN PROCEDURE

An inductor with a uniform thick gap is assumed already
available. The retrofit procedure outlined in Fig. 14 adds an /-
bar and a 2-D gap to swing the inductance up to L, below
Tinee, keeping inductance L5, and dc resistance at nominal
load the same. The exterior dimensions, number of turns, ma-
terial properties, and interior parameters [43 and [44 are in-
herited from the available inductor. Unknown parameters are
la1,ly43, and [4o. The first step is to check the biased condi-
tion of B.. If B¢ is lower than maximum flux density Bgaic
of C-cores, the design proceeds. Otherwise, the specifications
of Liax, Lmin, lxnee, and 15,4 should be revised to meet (9).
The gap [,3 between the I-bar and the C-core is determined by
utilizing the inductance at light load in (1). The thickness 4
is obtained from specified current Iy,,.. in (14). The thick gap’s
length is calculated using the nominal-load inductance L., ;, and
the associated cross-sectional area of the flux path.

To exemplify the design procedure, consider the retrofit of an
existing inductor with [ 44 = 2.15mm, [43 = 3.125 mm, N =38,
Bgto =045 T, h=3.5mm, Ly .x = 18 uH, Ly, = 4.5 uH,
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Fig. 14.  Flowchart to design 2-D gap.
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Fig. 15.  (a) 3-D model and dimensions of (b) 2-D-gapped inductor in experi-
ment with N = 8 and winding diameter of 0.46 mm.

Linee = 0.27 A, a=0.9, and [1paq = 5 A. Design results based
on Fig. 14 are Bo = 0.23T < B¢, lgs = 0.049 mm, [4; =
0.71mmand ;o = 0.23 mm. The results agree with the example
in Section II and the simulated results shown in Fig. 7(b).

IV. VERIFICATION

The inductor with 2-D gap was fabricated by two C-cores
and one /-bar with the dimensions shown in Fig. 15(a) and
customed hardware in Fig. 15(b). The material for these cores
was P-ferrite from Magnetics, Inc. The number of turn was 8; the
wire diameter, 0.46 mm (AWG 25); and dc resistance, 18 m(2.
The thin gap was realized by polyester film with thickness of
0.05 mm. The large wire diameter was chosen to reduce dc
winding loss at full load. A smaller wire diameter (e.g., 0.33 mm)
would incur twice the dc winding loss at full load and slightly
higher total loss at light load, e.g., 26 versus 24 mW at 10%11oaq.

The inductor prototype and a reference inductor without the
I-bar were tested in a synchronous buck converter with the
specifications in Fig. 1. To compare them fairly, the high-side

Fig. 16. Measured waveforms of the current through the inductor and the
voltage across the inductor for the prototype in Fig. 15 tested in the buck
converter in Fig. 1 at (a) [q. = 0.1 A, (b) I3, = 0.7 A, and (¢c) Ig. = 1.2 A.

MOSFET was hard switched within the load range. The cur-
rent /7, through the inductor and voltage V7, across the inductor
were measured to calculate inductor loss. When I, << Iipee OF
Tqe >> Iyyee, I is triangular as seen in Fig. 16(a) and (c) since
the inductance is constant in those operating regions. When /4,
is close to Iy, ee, the current waveform contains harmonics as
seen in Fig. 16(b) since inductance varies with instantaneous
current in the range of the current ripple.
The inductance is measured by

_ Vi, (1-D)D

L
ILp*pfS

15)

where Vz,,_, is the peak-to-peak voltage across the tested in-
ductor; Ir,_, is the peak-to-peak current through the tested
inductor; and D is the duty ratio. Error owing to dc resistance
of the winding is avoided since L is calculated from the peak-
to-peak V7, across the entire switching period.

The inductor power was measured by multiplying the in-
stantaneous V7 by the instantaneous ;. The waveforms were
measured using the mixed-signal oscilloscope MSO5104B set
in “HiRes” mode to increase vertical resolution above 11 bits.
The current bias was calibrated by the Tektronix DMM4020
current meter with resolution of 0.1 mA. The dc voltage was
calibrated by multiplying the dc resistance measured by the
DMM4020 Ohmmeter by the dc current. The core loss could
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Fig. 17.  3-D-simulated ohmic loss and flux density at /4. = 0.2 A for one-
eighth model of the inductor with 2-D gap in Fig. 15.
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Fig. 18.  Measured and simulated (a) inductances and (b) losses for a con-
ventional inductor and an inductor with 2-D gaps; calculated Ly, ax, Limin, and
I peo are also shown.

not be measured separately by the methods described in [42]
since the tested inductor had only one winding.

While 2-D simulation is expeditious and reliable for non-
linear inductance and core loss, it cannot predict the variation
of fringing field and the corresponding winding loss along the
length of the conductor. 3-D finite-element simulation was thus
employed to check the accuracy of 2-D simulation, and to char-
acterize the experiment prototype. Fig. 17 shows a one-eighth
model, taking advantage of the symmetrical boundary condi-
tions. The loss density in the conductive regions near the /-bar
is lower than that predicted by 2-D simulation thanks to reduced
fringing field. The maximum mesh length for the core element
is 0.5 mm, and the maximum mesh length for the conductor
element is 0.1 mm. Each turn is individually closed by a square

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 1, JANUARY 2017

conductor to save computation time. The winding loss in 3-D
simulation is roughly 20% less than that in 2-D simulation.
The measured and simulated inductances are compared in
Fig. 18(a), and the measured inductor loss is compared with 3-D-
simulated inductor loss in Fig. 18(b) for 0.46-mm wire diameter.
The inductor with 2-D gap achieves three times the inductance
and half the loss of the corresponding conventional inductor
employing a 1-D thick gap for dc current lower than 0.5 A. If
the wire diameter were thinner so that the wire could be placed
away from the air gap to reduce fringing-induced loss, or if Litz
wire were used, loss saving at light load is less pronounced.
Simulation at 10%1),,q with wire diameter of 0.33 mm reveals
losses of 42 and 26 mW for 1-D and 2-D gaps, respectively,
corresponding to 38% loss reduction. Two reasons can explain
the loss error in the load range from 0 to 0.5 A for the case with
2-D gaps: the voltage ringing caused by the hard switching and
phase error between voltage probe and current probe. The total
loss at heavy load is dominated by the dc winding loss, which
could be measured reliably and simulated with small error.

V. CONCLUSION

An inductor employing 2-D gap was constructed by two C-
cores and one saturable piece, and tested in a point-of-load con-
verter to demonstrate that the loss reduction could be as high as
50% at 10% rated current if the wire is thick to keep the loss low
at heavy load. In order to achieve a high swinging inductance, a
thin gap with small gap length and large cross-sectional area is
needed. The gap length is limited by the fabrication tolerance,
whereas the area depends on the location of the thin gap. If the
thin gap is placed in-line (1-D) with the thick gap, as is the case
for the “stepped gap,” an attempt to increase light-load induc-
tance would cause the core to saturate since an increase of the
thin gap’s area must be accompanied by a decrease of the thick
gap’s area. The 2-D gap arrangement essentially decouples the
two effects by two independent and orthogonal geometrical pa-
rameters: the thickness of the /-bar and the cross-sectional area
of the thin gap. The thickness can be designed to avoid satura-
tion of the C-cores, whereas the large cross section available in
another direction yields a higher light-load inductance.

The sacrifice of the core loss for the inductor with 2-D gap
at light load is owing to the high ac flux in the /-bar. A peak
core loss appears near the knee current where the permeability
of the I-bar starts to drop. At nominal load, most of the core
loss is incurred in the C-cores because of the redistribution of
the ac flux density. The /-bar core would benefit from materials
with low core loss density and less bias effect. The C-cores
would benefit from materials with high saturation flux density
for high power density. The core loss density for the C-cores
is not critical since the winding loss and MOSFET loss are
dominant in a point-of-load converter at nominal load.

Another approach to diminish the core loss is to shift the peak
point to high current by increasing the thickness or flux density
of I-bar based on (3). This, however, might induce saturation
and bias-dependent core loss and thermal instability at nominal
load via (9). The tradeoff between the light-load core loss and
saturation level at nominal load should be monitored in the
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design of swinging inductor with 2-D gap to avoid additional
loss at nominal load.
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