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Determination of the roll-off value in the air-
gapped inductor of a DC-DC boost converter
circuit with FEA parametric simulations

P. ARIKAN, S. BALCl and F. BATTAL

Abstract—The electromagnetic behavior of the inductors used
as passive circuit elements directly affects the electrical and
mechanical performance of the power electronics circuits. In
general, when using inductor core structures with/without air-
gap length in the classical design process, the dynamic effects of
the inductance value are not considered in the design stage.
However, the inductance value may change during the operation
of the circuit due to electrical and magnetic parameters of the
inductor, and this change is called roll-off value of the
inductance. In this study, the roll-off value has been determined
graphically and numerically based on mechanical parameters
(such as air-gap length) and electrical parameters (such as
winding turns and DC current amplitude) for an air-gapped
ferrite E core designed with finite element analysis (FEA)
software. Thus, not only the inductance value has been calculated
in the design stage but also the roll-off value during the operation
of the circuit has been reported with the parametric simulation
studies.

Index Terms—FEA parametric simulations,
inductor parameters, roll-off value.

gapped-core,

I.  INTRODUCTION

OWADAYS, advanced power electronics application
area is growing with the tendency to use renewable
energy sources and they are frequently used in daily life with
current applications such as electric vehicles [1]. In this
context, with the advances in semiconductor technology, both
power electronics circuit topologies are developing, and
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innovations are provided in magnetic circuit elements in these
topologies [2]. The design concept of the magnetic circuit
elements has been revised in order to provide smaller size and
less power losses [3] with the development of the soft
magnetic materials. Especially in the modern design approach,
the most suitable design can be reached shortly before the
prototype production with the development of software that
enables electromagnetic modeling by finite element method,
and the revolution in solver performance in computer
hardware.

The inductors used in DC-DC power converter circuits are
known as DC inductors and are exposed to the high frequency
ripple on the DC current. The flux density in the inductor core
appears to be triangular ripple wave depending on the peak
value of the current, and the inductance value is dynamically
similar to this ripple wave [4-6]. In the design of the air-
gapped inductor, the analysis of bad effects such as the
fringing flux effects during the determination of the air-gap
length can be expressed mathematically in classical design
approach. However, for the effects of the air-gap parts on the
dynamic inductance and roll-off values of the inductor,
electromagnetic modeling facilitates the design process [7].

The software used for electromagnetic modeling with finite
element analysis (FEA) is often used to determine the
electromagnetic, thermal and cooling performance of the
inductor before prototype production. In context, Dang et al.
[8] present the electromagnetic modeling, FEA simulation and
design stage of a high-power inductor for battery charge
system in order to reduce the core volume for electric vehicle.
For the thermal coupled FEA, Du et al. [9] present in order to
determine an inductor on both its electromagnetic and thermal
behavior. Munguia et al. [10] explain how designers can take
advantage of the useful features of electromagnetic FEA
software to quickly model nonlinear behavior inductors and
determine their performance. In addition, software developed
in recent years, such as Ansys-Electronics, enables the
analysis of both electromagnetic components and power
electronics circuits together for the inductor design in power
electronics circuits.

In this study, roll-off value of the ferrite core inductor has
been determined with the parametric FEA software based on
mechanical and electrical parameters for air-gapped E core
designed for a DC-DC boost converter circuit. The graphs of
the incremental inductance changes based on parametric DC
current have been obtained with Ansys-Electronics Desktop
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2019R3, and roll-off values of the designed inductor have
been determined. In addition, flux distributions in the inductor
core have been visualized and saturation effect has been
examined. Thus, not only the inductance value calculated
during the design phase, but also the dynamic inductance
value during the operation of the circuit has been reported
with the simulation studies.

Il. THEORETICAL ANALYSIS OF THE INDUCTANCE VALUE IN
INDUCTORS WITH AIR-GAPPED CORE

In order to obtain the desired inductance value in air gap
inductor design, Eg.(1) can be written according to the initial
permeability value for effective permeability (uer) [11-12].

= f(14,H,, By) @)

The magnetic field intensity (Hc) and saturation flux density
(Bsat) values and initial permeability (ui) values of the core
material are very important, and this information can be
reached from the core material datasheet. The basic
parameters and the magnetic equivalent circuit for a given air-
gapped core are given in Fig. 1. Here, the magnetomotor force
NI as flux and the reluctances in the path of flux are core and
air gap resistance elements as R and R, respectively [13].
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Fig.1. For the air gapped inductor, (a) basic magnetic parameters and (b)
equivalent magnetic circuit [14]
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As the ferrite N87 ferrite core material [15] can be seen in
the B-H curve given in Fig. 2, the saturation is delayed by the
air gaps in the core in large current (Nlsr) inductor designs to
provide a soft saturation flux characteristic. However,
although saturation can be delayed by air gaps, sharp
saturation occurs only after a certain current value in materials
such as ferrite, amorphous, nanocrystalline and Si-Fe. In
powder materials such as Kool My, MPP and XFlux, there is
no need to determine the air gap length in the core structures
and a soft saturation occurs with the distributed air gap feature
[16-17].

Ferrite_N87_100C
BsatAc 0.45

1/(Re+NRg)

0 ’ i i i \I\‘.nz
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A . H (A_per_meter) . A 3
Fig.2. B-H curve for ferrite core material, and soft saturation effect with air-

gapped core structure [11, 15]
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According to Ampere's law, the relationship between air
gap effect and closed-circuit magnetic field can be expressed
in Eq.(2) [11].

§H-d|=FC+Fg

closed — path

@

The magnetomotor force can be modeled as an electrical
circuit with the Amper-Winding (NI) value of the inductor and
the reluctance values in the air-gapped inductor core (Fig. 1).
Thus, Eq.(3) can be written for the flux (®) circulating in the
core [11].

N-I =R, +%,) @)

In order to calculate the core and air gap reluctance values,
in Egs. (4-5), since the permeability of the air is po = 4107
H/m, very high reluctance occurs in the air gap parts of the
inductor core. Since the core permeability p is very large
compared to the gap, the reluctance of the core remains at very
small values [16-17].

R, = ‘ 4

R, =— 5)

g_,qug

The inductors are energy storage magnetic circuit elements
and the stored energy (W) can be expressed as in Eq. (6) [18].
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where: v - is the volume of the inductor core.

The magnetic field strength is equal to the energy calculated
by the closed-loop inductance and the square of the current as
H and flux density B. The Faraday equation given in Eq.(7)
can be written to determine the flux value in the core [11].

do  di
V(t)=—n2@ oL &
(t) o " )

From this, Eq.(8) can be written proportional to the square
of the number of turns for the induced voltage due to the
equivalent reluctance [11].

N?  di
Vit)z— —
) R +R, dt ©

Thus, for the inductance value and saturation flux value in
air-gapped inductor design, Eq.(9) and Eq.(10) can be given
[19].

2
L= N— (9)
R+ R,
(Dsat = Bsat ) A (10)

In this situation, the current value which can cause
saturation of the air-gapped inductor core can be determined
by Eg. (11) [11].

o = BsatN.A%(mc"'mg)

sal

1)

Thus, the effective permeability value of the core structures
designed with the air gap can be determined by the mean
length of the core, the permeability of the inductor core and
the air gap length as given by Eq.(12) [7, 20].
I
Heit = | :

C
<+,
H

12)

Furthermore, the required air gap length Eq.(13) may be
calculated in the inductor designed with air gap for a given
core cross sectional area (Ac) and the desired inductance value

(L [7]-

] :[0.47zN2AC(10‘8)j_[ 1, }[Cm]

L c

(13)

However, depending on the air gap length, there are
deviations in the inductance value due to the fringing flux

Copyright © BAJECE

effect. It is therefore more convenient to use multiple air
openings and distributed air-gap parts instead of leaving one
large air-gap part in the core. The core window height (G) or
winding length has a great effect on the fringe flux.
Accordingly, the fringing flux factor (F) can be calculated by
Eq.(14) [20].

|
14———£L—In-gsi

VA

Since the fringing flux effect reduces the equivalent
reluctance value in air-gapped core structures, an inductance
value is higher than the inductance value calculated in Eq.8.
Therefore, the inductance value in the proportion to the
fringing flux factor increases as shown in Eq.(15) [7, 20].

F= (14)

0.47N2A,

|
I, +-%

He

L=F 1078

(15)
g

1. INDUCTOR DESIGN PARAMETERS WITH THE AIR-GAPPED
FERRITE CORE

The variables that should be considered in the design
process as electrical and mechanical variables in air gap
inductors for power electronics circuits are given in Table 1.
In order to determine the dynamic inductance value according
to this table, a number of specific parameters such as DC-DC
boost converter switching frequency and inductor current
ripple, which are designed for a certain power value, were
utilized.

TABLE |
Technical specifications for DC-DC boost converter inductor [2]

Power Density 5 kW
Input Voltage (Vi) 200V
Output Voltage (Vo) 400 V
Load Current (lo) 125A
Inductance (L) 1mH

Inductor current (1) 25 A/ 22.5A-27,5A

Ripple Magnitude (AIL) 5A
Switching Frequency (fs) 20 kHz
Duty Ratio (D) 0.5

Core Material Ferrit 3C90
Core Structure E1006028

ISSN: 2147-284X

In order to maintain the continuous conduction mode
(CCM) [21-22] in DC-DC boost converter circuits, the critical
inductance value of inductors should not fall below the critical
value in the equation given by Eq.(16) [23].

| _L_DO-DR

c 21, (16)
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where: D - is defined as the switching duty ratio;
RL - is load resistance value;
(fs) - is the switching frequency.

For this purpose, before the inductor prototype,
parametric DC current test can be performed to determine
the inductance stability. Thus, the inductance stability or
roll-off values can be obtained. Although the roll-off values
for core materials are specific in the manufacturer's
datasheets, inductance stability has nonlinear behavior and
the inductance stability may vary from classical
mathematical methods to the operation of the circuit. If the
inductance value starts to collapse well below the desired
current value in the design stage, the electrical and
mechanical parameters must be changed. For example,
increasing the air gap length and changing the number of
turns. However, such revisions are both costly and
unnecessarily prolong the design process. In such cases, 3D
electromagnetic modeling enables the inductor to be
modeled in a virtual environment close to real conditions.

The theoretical flux distribution of the DC-DC boost
converter inductor for the dynamic inductance in the core
can be defined by the dynamic minor loop B-H curve as
shown in Fig. 3.

e ———

Fig.3. Dynamic minor loop of the inductor flux density [11, 23-24]

In this curve, for the flux density ripple (AB), Eq.(17) can
be explained under ripple superimposed DC excitation. The
DC current (l,) and the number of turns (N) multiplied by the
average magnetic circuit length (Ic) and Eq.(18), the magnetic
field strength fluctuation (AH) was obtained [24-25].

1 DT,
AB=—— |v, dt
NA, I L 0
NI,
AH == .

Where D is the duty ratio of the power electronics circuit, and
Ts is the switching signal period. Thus the DT is the
conduction period of the power switches.

Copyright © BAJECE

IV. PARAMETRIC SIMULATION STUDIES WITH FEA SOFTWARE

The parametric simulation studies have been performed
with linear steps using FEA software according to electrical
(N and l4) and mechanical variables (lg) given in Table 2.
Thus, the dynamic inductance value of an inductor designed
with E1006028 core can be easily determined. In addition, in
order to ensure inductance stability, the air gap length can be
optimized mechanically in order to prevent saturation at a
certain number of turns and DC current value.

TABLE Il
Electrical and mechanical parameters of air gap
Parameters Range Linear Step
Ig 0-3mm 0.50 mm
N 50-80 turns 5turns
ldc 0-40 A 2A

ISSN: 2147-284X

According to these values, parametric simulation studies
were carried out with Ansys-Electronics Desktop 2019.R3
software in Maxwell 3D section. For this purpose, E1006028
core material was modeled in three dimensions according to
datasheet content [15] and B-H values of ferrite core material
were defined in the software library.

A three-dimensional graph based on the parametric DC
current increase and winding number values over a given air
gap length provides useful information for the designers to
determine the inductance value (Fig. 4). According to this
graph, DC current value winding number and saturation effect
can be seen clearly. The green zones in the graph can be
defined as acceptable roll-off values (60%) for the desired
inductance value. Thus, the parametric inductance values have
been determined with the 3D electromagnetic modeling and
more realistic conditions [26].

0.8’

mean(L(Winding1,Winding1)) (m)

0T

40" 50
Fig.4. Parametric 3D inductance change graph of designed ferrite core with

air gap for maximum 1.5 mH

The flux linkage graph, which is defined as winding flux in
inductors, shows the electromagnetic behavior of the airgap
designed core. According to this graph given in Fig. 5, the
green areas for acceptable roll-off values were determined as
0.01-0.015 Weber/m?. This condition, when visualized as the
useful flux circulating in the core, does not cause any
saturation for ferrite core material with about 0.2 Tesla. For
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ferrite core material, the saturation flux value is given as 0.36
T in the datasheet [15], and the 0.2 T flux value for the 20 kHz
switching frequency is very useful.

mean(FluxLinkage(Winding1)) (m)

o
Fig.5. Parametric 3D flux linkage graph of ferrite core designed with the
air gap for maximum 22.5 mWeber/m?

When the air gap length is changed, the number of turns of
the inductor windings is also changed to achieve the desired
inductance value. For example, in the case of 1.5 mm air-gap
in lgz, the number of turns is 57 turns, whereas in the case of
g = 3 mm air-gap, 72 turns are sufficient according to the
simulation studies. These values are obtained in parametric 3D
graphics. Thus, as can be seen in the roll-off graphs given in
Figure 6, the dynamic inductance values have been determined
according to the air gap lengths Ig1 and lg. After 10 A with dc
current increase, roll-off in 1z = 1.5 mm air gap core decreases
to 40% and inductance value decreases too much. However, in
the case of I = 3mm air gap, the roll-off has been determined
as 60% and the inductance value is stable even after a current
of 10 A DC, thus providing a soft saturation effect.

Roll-off
100,00%
90,00%
80,00%
70,00%
60,00%

50,00%
40,00%
30,00%
20,00%
10,00%

0,00%

0 10 40 50

Ide

20

30
—g] —g2

Fig.6. Roll-off values due to DC current increase for ferrite core designed
with different air gap length

V. POWER ELECTRONICS CIRCUIT PERFORMANCE ANALYSIS
WITH FEA CO-SIMULATION

The link in the simulation circuit Ansys-Twin Builder
software given in Fig. 7 is defined with Maxwell 3D software,

Copyright © BAJECE
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for the power electronics circuit performance test of the
inductor electromagnetic modeling and inductance stability
and roll-off values are determined in dynamic behavior. Thus,
both the realistic behavior of the designed inductor and the
performance of the power electronics circuit can be
determined.

FEAL

Winding1 irﬂlihdingl_out

IGBT:

D1
~
EL L1

R2

°
+| vm1
.3

PWM1
]

.
Iy I C]'T

Fig.7. The co-simulation circuits of DC-DC Boost Converter with air-
gapped inductor

The inductor current graph obtained according to the co-
simulation results is shown in Fig. 8 with the ripple value
given in Table 1. Thus, the performance of the designed
inductor is revealed, and a continuous transmission mode can
be provided.

X Plet s

27.50

26.25 |
—25.00
< !

n23.75

22.50 |

21.25 |

47.16 47.20 47.25 47.30

Time [ms]
Fig.8. Inductor current waveform and ripple magnitude

47.35

The dynamic inductance graph of the modeled inductor is
given in Fig. 9. Thus, approximately 60% of the roll-off of the
inductor in the power electronics circuit is also confirmed with
the co-simulation.

Winding Pot 1

L(ngdlng1 ,!'Vlndlngﬂ ['“HJ:
o @ @ @
s 2 2 2
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Fig.9. Dynamic behavior of the inductor in the power electronics circuit

0.60 078 080

The flux distribution in the core of the inductor designed
with 3 mm air gap and tested for electromagnetic behavior in
the power electronics circuit is given in Fig. 10. Thus, the flux
value did not approach the saturation flux value and was
displayed as approximately 0.2 T thanks to the air gaps.
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Fig.10. Flux distribution in air-gap inductor core for maximum 0.4 T

Finally, the output voltage performance of the power
electronics circuit designed as air gap inductors remains
within acceptable limits in terms of the ripple value as shown
in Fig. 11.

390.00

47.47 47.48 47.50 47.52 47.54 47.56 47.58 47.59

Time [ms]
Fig.11. The output voltage waveform of converter

VI. CONCLUSION

The inductors as passive circuit elements of DC-DC
converter circuits are extremely important in terms of
providing continuous conduction mode with the critical
inductance value. In the classical design approach, the
dynamic behavior of air-gapped inductors is determined
according to both electrical and mechanical parameters. Also,
before the prototype production, roll-off values can be seen
with DC incremental tests. In this study, the parametric
simulation and electromagnetic modeling of the inductors
depending on number of turns, DC current and the air-gap
length have been realized using FEA software. Thus, the
dynamic analysis of the inductance and performance analysis
in the power electronics circuit has been reported. As a result,
if the inductance roll-off values are not within the acceptable
limits, the most suitable value of the air-gap length can be
easily determined in FEA modeling and the more realistic
dynamic inductance behaviors can be seen with the co-
simulations for DC-DC boost converter circulit.

The importance of this study explains the determination of
air-gapped core inductor behavior before the prototype
realization studies according to the theoretical information
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given for the inductor design and 3D electromagnetic
modeling studies. As future studies, performance investigation
can be done with experimental studies of an E1006028 core
inductor. Also, the inductor discussed in this study is for
medium frequency and high power applications. For this
reason, the power electronics circuit is modeled for medium
frequency (20 kHz) and kW power levels.
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