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1 | INTRODUCTION

Power electronic converters are indispensable to achieve the
energy conversion process in many applications such as full
cells, battery energy storage systems, electric chatgers, electric
vehicles, solar generation, DC loads etc. [1-3]. In particular,
DC-DC power converters are used in such applications to step
up/down the DC voltage [1, 4], where magnetic inductors play
a key role in regulating the output voltage since they smooth
out the pulses thanks to their capability in storing and releas-
ing energy and filter to generate stable output with the output
capacitor. In this context, the topology of the step-up DC-DC
boost converter in Figure 1 utilizes one high-frequency power
device operating at a high switching frequency with minimum
switching losses. After defining topology and power device, the
inductot’s design makes up a degree of freedom to optimize its
performance [5].
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This article proposes a holistic and improved methodology for the inductors’ design in
power electronic circuits operating at high frequencies. This methodology includes an
analytical design, a finite element modeling of the electromagnetic behavior with JMAG
software, a simulation analysis in a Simulink environment, and experimental verification of
the effectiveness of inductor design in a laboratory-scale step-up boost power converter
prototype. The holistic approach allowed us to achieve all target specifications such as
maximum power (300 W), minimum voltage (60 V), inductance (1.77 mH), and maximum
current ripple (1 A). It guarantees the losses’ minimization in core and copper (21.47 W),
and marginal errors below 4% between the analytical, simulated, and experimental values.

1.1 | Literature review

According to the literature, conventional inductor design strate-
gies are established according to their application such as
filtering that is used in high-frequency power converters and
pulse-width-modulators switched regulators, and regulation in
AC system, existing two typical methods for designing based on
the area product A4, or the geometric constant K, [6-8]. The
area—product approach is widely used to design inductors, espe-
cially when they undergo pulse width modulations (PWM) in
DC-DC power electronic converters. It associates the geomet-
rical core parameters with the magnetic and electric parameters.
Meanwhile, the K, approach uses the core geometry, allowing
the estimation of core geometry for specific targets [9]. It does
not consider the current density of the conductor, thus if the
maximum current density is exceeded, a new iteration is exe-
cuted until this criterion is fulfilled [10]. Both methodologies use
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FIGURE 1 Diagram of the typical step-up DC-DC electronic converter.

target definitions for designing such as the maximum flux den-
sity (B,,,,.) or maximum current density (J,,..), implying many
iterations to meet the design requirements.

On the other hand, other approaches focus on minimiz-
ing the core and copper losses which are optimized together
with the current ripple for the inductor design [5, 11-13].
Also, approaches based on artificial neural networks have
been exploited considering physics-informed features for the
modeling and optimization of inductor’s design [14].

1.2 | Problem statement

Nowadays, inductor design methodologies for power elec-
tronic circuits provide guidelines for using a basic set of
fundamental rules [6]. However, the switching frequency in
electronic converters is gradually increasing, aiming to increase
the power density of the system [10]. In the design process,
the selection of magnetic components for the core, the types
of conductors, and the treatment of non-sinusoidal excita-
tion waveforms are design constraints that must be carefully
considered [13].

Additionally, the reduction of power losses in the coils used
in power electronic converters is becoming increasingly rele-
vant due to the reduction of conduction and switching losses
in wide bandgap semiconductors [5]. Reported strategies are
often based on several assumptions going back more than two
decades [8, 10, 15], many of these assumptions are only valid in
a context of frequencies greater than 1 MHz, and for low power
converters (>100 W) [13]. Consequently, direct use of these pro-
cedures for medium- and high-power applications may requite
a significant number of design iterations and may even result in
unbuildable or underperforming designs.

1.3 | Contribution

To counteract the abovementioned problems, this investiga-
tion proposes a holistic and improved methodology for the
inductors’ design in power electronic circuits operating in the
intermediate frequency range (between 5 KHz and 100 kHz).
The design methodology proposes design equations, a sim-
ple finite element simulation of the electromagnetic behavior
with JMAG software, and experimental verification of the effec-
tiveness of inductor design in a laboratory-scale boost power
converter prototype.

The major contributions of this investigation lie in:

* A simple and reliable methodology to accurately design,
analyze, and implement inductors for their integration in
power electronic converters given their proliferation due to
the penetration growth of renewable energy sources. This
methodology is supported by the finite element method and
powered by Maxwell’s equations that facilitate the computa-
tion of the magnetic flux density throughout the core and
provide a precise behavior of the coil in time.

* The finite element method is a key contribution to the design
methodology. It represents the interface between the basic
sizing equations and the fabrication of the prototype. The
simulation by FEM considers accurately all non-linearities
of the material’s magnetic properties. Copper and core
losses and waveform quality can be predicted and corrected
precisely before manufacturing.

* The accuracy and reliability of the proposed inductor design
process are rigorously validated through experiments with
a laboratory prototype. Measurements carried out on the
laboratory prototype show a remarkable alighment between
theoretical deductions, simulation results, and real-wotld
performance. In particular, the discrepancies between the
measured data and the theoretically calculated values present
an error margin of less than 4%, underlining the robustness
and accuracy of the proposed design methodology. This val-
idation process ensures the confidence and feasibility of the
straightforward design method proposed for inductor design
in practical power electronics applications.

1.4 | Organization

The rest of the paper is organized as follows. The mathematical
foundations of the inductor’s design are described in Section 2
with a holistic design methodology. The application in power
electronics is described in Section 3. The performance of the
electromagnetic design is explained in Section 4, where geom-
etry, materials, and operational conditions are introduced. The
behavior of the DC-DC converter in simulation and prototype
is explained in Section 5. Finally, conclusions have been made in
Section 7.

2 | INDUCTOR HOLISTIC DESIGN

In this section, we adopt a holistic strategy to design a DC
inductor for power electronic converters, for instance, the step-
up DC-DC boost converter in Figure 1. This strategy allows
us to adapt to the inductor’s requirements, such as maximum
power (£,,,.), minimum voltage (1/,,,), maximum current rip-
ple (61,,.), inductance (L), coil sizing, and number of turns (1)
that directly affect the wire resistance (£;). Besides the target
definitions, this methodology requites as input parameters the
physical and magnetic features of a commercial core and the
electrical and physical characteristics of the wire, as summarized
in Table 1.
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TABLE 1 Target definitions and physical, magnetic and electrical
characteristics.

Parameter Value

Inputs

Maximum power (F,,), minimum voltage (I7,;,) 300 W, 60 V
Inductance (Z.), maximum flux density (Byjax) 1.77 mH, 1.44 T
Magnetic permeability (1), magnetic length (€) 40, 131.4 mm

Cross-sectional area of the core (A¢), mean length 600 mm?, 138.6 mm

per turn (MLT)

Saturation flux density (Bsa) 1.6T
Maximum current (4, ), maximum current ripple 54A,1TA
(G hviax)

Cross-sectional area of the wire (Ay) 2.08 mm?
Efficiency (1), wire length (4-,) 92.8%, 1.4 m
Wire resistance (Rc,) 0.4Q
Outputs

Core losses (£,,,) 129 W
Number of turns (r) 104 turns
Wite losses in copper (/) 8.57 W

The inductor is designed by implementing an iterative pro-
cess to comply with a set of operational conditions. In this
work, the inductor is designed by the utilization of a commercial
general-purpose magnetic core which is massively produced.
Meanwhile, the coil is designed to conform to the operational
conditions of the inductor based on the core’s geometry and
its magnetic properties. The flowchart of the inductor design
is showcased in Figure 2. It starts defining targets according to
the step-up DC-DC boost converter in Figure 1, such as the

maximum power (B,

), the minimum voltage (17,;,), and the

peak current (7,,,) that flows through the inductor. Likewise,
the manufacturer information specified in the core datasheet
together with the AWG caliber and the number of turns (#),
the cross-sectional area of the wire (4,,), and their associated
losses with the copper (f;) and core due to the hysteresis
phenomenon yielded by the magnetic field (/7,) variations, as
depicted in Figure 3. After all previous computations meet the
target definitions in Figure 2, JMAG® is used to model and
obtain the coil inductance via the finite element method with
the parameter in Table 1.

In this investigation, target definitions are oriented to the
inductor applications in power electronic converters. Since we
deal with a step-up DC-DC converter, then we seek to maxi-
mize the power and minimize the coil size and the current ripple
together with losses. For instance, the current ripple is expected
around 1A.

2.1 | Preliminary analytical design

The electromagnetic fundamentals derived from Faraday’s and
Ampere’s laws are utilized in this section to establish the main
relationships between electromotive force and the concatenated
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FIGURE 2 Holistic design methodology for the inductor.
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FIGURE 3  Hysteresis loop for operation as AC inductor.

magnetic flux (¢) flowing through the magnetic circuit (€);
the magnetic flux is assumed constant all along the transversal
area (A of the core due to its isotropic characteristics. These
two principles allow us to establish the relationship between
the inductor voltage and the magnetic flux density, where the
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FIGURE 4  Main physical sections of the inductor.

induced voltage is proportional to the number of turns (#), the
area of the transversal section of the core (A4,) and the magnetic
flux density (B), and the cross-sectional area of the wire 4, that
limits the inductor power. Likewise, the area of the core window
(W) that in turn limits the number of turns and the wire gauge
to be used. Geometric variables such as A, A, W, and € are
shown in Figure 4. Thus, the voltage becomes

A(BA,
o() = n (dfC). 1)

It is noteworthy to rematk that (1) establishes the relation-
ship between the physical parameters of the coil and the induced
voltage. Likewise, Ampere’s law together with the constitutive
relation B = yH enables to, respectively, re-write (1) in terms
of the magnetic field intensity (H) and the coil current (7(2)), as
follows:

dr

o) = prAc—r, @
2 .
_ M Ac di

Due to the inductor voltage is defined by »(#) = Ldi/dt, then
the inductance of the coil can be expressed as:

_ WA

L
¢

Q)
Since L is a target definition parameter, then the number of
turns becomes

Lt
"=\ ©)

whete € stands for the magnetic length and depends on the cote
dimensions. The parameter for the number of turns allows to

obtain the length of the wire that is defined by:
ey = n(MLT), (6)

where MLT represents the mean length per turn.
By using the Ampere’s law and the contitutive relationship
B = uH, the coil current is given by

. H¢ B¢
un
Then, the saturation current is determined in function of the
B, such that
. B¢
Liar = l;j” . (8)
The losses associated with the Joule effect are given by
PCu = ][%IWA'RCW (9)

where 7 is the RMS inductor current and R, = ple, /A, P
stands for the electrical resistivity, /,, tepresents the length of
the conductor, and .4, symbolizes the transversal area of the
conductor. Since the inductor current is a target to be met in the
holistic methodology depicted in Figure 2, A4, can be chosen
according to the American wire gauge (AWG) calibers. Thus,
the selected wire is No. AWG 14, since it complies with the cri-
terion of the window area and the maximum current capacity
computed in Table 1.

To compute the core losses, JMAG employs the frequency
separation method assuming that hysteresis losses are propot-
tional to the frequency and Eddy current losses are associated
with the square of the frequency [16]. Thus, the losses P,,, for a
known magnetic flux density are given by:

Py =aB)X [+ b(B, )X /7, (10)

where 2(B) represents the hysteresis losses and (B, f) stands
for the Eddy current losses. The efficiency () in (11) is also
established as a target to be met, and it must be above 90%.

P,

max

P+ P
n= (1—M) % 100%. (11)

Another target definition is related to the total areas that will
cover the copper (24, and the core window (V). To this end,
the target to be met is subjected to 24, < 0.8IV;. However, if
linear changes are assumed in 7(#) = B//un, then the number
of turns becomes # = /\il./ /ABA,, resulting in:

&Aw < 0.8, (12)
C

/\BA

where (12) describes the relationships between the conductor
current (7), the magnetic flux density (B), the transversal area
(A,), the wished inductance (L), and the total are utilized by the
conductor (Ay). In the worst condition, the tipple current and
the flux density, respectively, achieve /\7 = 7, and AB = B,,.
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2.2 | Finite element modeling by using JMAG
To effectively model the inductor, this investigation uses JMAG
to obtain its electromagnetic performance and to derive its elec-
trical parameters. The inductor model conceives the differential
form of Maxwell’s equations in (13) and their constitutive rela-
tions given by D = €E, B = uH, and ] = 0E, where y, € and o
symbolize the magnetic permeability, electrical permittivity and
electrical conductivity, respectively.

VxE=—a—B; V-D=l,
0t o
(13)
oD
VXH=J+§; V-B=0,

where V, E, B, D, H, and ], respectively, stand for the
gradient operator, the electric and magnetic fields, the dis-
placement current, the magnetic field intensity, and the electric
current density.

The FEM solves the magnetic vector potential (A) in (14)
at every node in a two-dimensional problem formulation,
whose cutl is expressed in (15). Due to this consideration, this
investigation selects a 2D model, which in turn reduces the
computations.

A = A(x, )k, (14
where k is the unit vector in the g-direction [17].

B=VXxA (15)

Given that the displacement current depends on the electro-
magnetic fields [17]. Then, the inductor design is bounded for
high-frequency applications and Ampere’s law with Maxwell’s
addition becomes

oD
VXH=J+ 5. (16)

Thus, the coupling between electrical circuits and the
magnetic field equations in the inductor is described as:

1 JA JD

Considering small variations of the electric displacement, (17)
can be expressed in Cartesian coordinates as

0 6Az 0 6/1z (3(4z
=)+ 2 (= ) mo——= .
5x<5x>+aj< aj> oG ToVV. ¥

Since the inductor’s coil is designed using filamentary
conductors, the current is uniformly distributed and the
electromagnetic operation of the inductor is described by

0A 0A 104 1_1,
O (=) (T L2 gL o, (19)
Ox \ Ox dy\ dy por p !

where 1 is the voltage applied in the region of finite elements
and ¢ is the length of the inductor core (2D geometry). Thereby,

17 is detived as

0A
EY
V= Redp + ”/(;ﬂwy (20)

where R, symbolizes the DC resistance of the conductor,
I; denotes the total current, and /;, represents the length of
the conductor.

3 | POWERELECTRONIC
APPLICATION

The DC-DC boost is a converter widely studied and refer-
enced by the scientific community. In this work, this circuit is
employed to verify the feasibility and coherence of the proposed
design method in a real circuit under laboratory conditions
[18—21]. The circuit used in this test is composed of an inductor
(L), a diode (D), a power switch (5}), and a capacitor (C). The
circuit is powered, at its input, with a DC source (17,), and it has
a resistive load at its output.

The test circuit is controlled by a pulse width modulation
signal (PWM). According to this control signal, two opera-
tional states are present in the circuit. The first arises when
the PWM signal is in the “ON” state. During this time (7,,),
the current flows from 1/, to L, storing energy in the form
of an electromagnetic field. The corresponding induced voltage
is represented by 17 (#) = Ldiz (t)/dt. In the period, the sec-
ond operating state occurs when the PWM is “OFF”, lasting
a time of #, 7. Under these conditions, 17 is added to 1]

» "y TAlS-
ing the out voltage (1,,).The inductor charging and discharging

currents can be depicted by:

Lon

Vid = Vi
Lo = =y (21)

. 1
Al = Z i

0

. [dw+m,0ﬂ T//’n B I/;m‘
Vi =7 / Vid= =1, (@)
~Jy .

gy

Then, the stored energy in the inductor is given by Az, +
Vi, rr = 0.Since a PWM drives the switching among states, the
duty cycle is defined in terms of the on-state time (7,,) and the
switching period (7) as D = #,,/ T, resulting in 2 model for the
step-up DC-DC boost converter such that [22]:

D=1-—~, (23)

4 | FINITE ELEMENT MODELLING

In this section, the electromagnetic performance of the FEM-
designed inductor by the holistic approach in Figure 2, whose
parameters are listed in Table 2, is assessed. To this end, the
inductor is implemented in JMAG® software.

Following the holistic design, the geometry, operational
conditions, meshing quality, materials’ properties and their
characteristics, are established previously.
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TABLE 2 JMAG simulation parameters.

System ratings

Rated power, ripple current 300 W, 1 A

Input current source (/) 47 A

Simulation sample time S5us

Number of steps 1000

Simulation time 5 ms

Inductor parameters

Core saturation flux 1.6T

Permeability of the core 40,

Inductance factor, leakage inductance 275 nH/ Tz, 50uH
Colil resistance, inductance (1) 04 Q,1.77 mH
Switching frequency 18.31 kHz
TABLE 3 Dimensions of the inductor core.

Dimensions in milimeters

A B C D E F
80.01 48.10 29.72 28.04 18.20 19.80
G H I L M —
2.00 28.00 4.50 9.91 19.80 —
TABLE 4  Materials and their characteristics.

Element Core Coil Spool Enclosure
Material type 00X8024E040 Copper Plastic  Stainless steel

Characteristics
Conductivity (S/m) 0.166667 5.8001 X 107 1x 10721 1.45 x 10°

Density (Kg/m’) 7850 8960 1000 7500

41 | Geometry

This consists of a 3D design that is implemented in SolidWork®,
according to dimensions summarized in Table 3 and rendering
in Figure 5. It is integrated by three independent pieces such as
a magnetic core, spool and coil. A three-column magnetic cote
is formed by two similar pieces creating an air gap among them;
the plastic spool is used as an isolator; and a copper coil.

4.2 | Materials
Table 4 summarizes the main materials and their char-
acteristics. In this work, all electromagnetic materials are
considered isotropic.

4.3 | Operational conditions

The magnetic flux density of the FEM-designed inductor is
exhibited in Figure 6, reaching a peak of 0.86 Teslas. The induc-

.

x‘
—

i

(b)

FIGURE 5 Inductor Geometry. (a) Lateral view. (b) Measurements.

tor behavior under constant current conditions is displayed
in Figure 8, where plot (a) shows an average inductance of
1.7 mH, plots (b) and (c) present voltage and current wave-
forms at 18.3 kHz, and plot (d) shows the instantaneous
powetr.

44 | Mesh

The inductor model is discretized in Figure 6, resulting in 80596
clements and 40685 nodes. The discretization was accomplished
by using equilateral triangles as elements to cover the surface
model. Then, Maxwell’s equations are solved by a homogeneous
interpolation method that ensures the same potential at each
node. If the triangles are not equilateral, then the interpolation
is not feasible and increases the simulation time. The best qual-
ity of the mesh is defined as 1; meanwhile, a line is associated
with the worst quality taking the value of zero, thus there is no
interpolation surface. The mesh quality is displayed in Table 5.
Notice that more than 94.5% of elements are between 0.7 and
1.0, which is considered a very good mesh quality [23], and
about a 5.5% is between 0.2 and 0.7.
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FIGURE 6 Inductor design via finite element method in JMAG. (a)
Magnetic flux density operating at about 400 W. (b) Meshing for the inductor:
80,596 elements and 40,685 nodes.

TABLE 5  Quality of the mesh.

Quality 0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5
Element count 0 0 0 8 237
Quality 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-0.10
Element count 840 3304 11383 13833 50991

Lin (1) é L %3

FIGURE 7  Circuit diagram in JMAG.

5 | SIMULATION, PROTOTYPE AND
EXPERIMENTAL RESULTS

Once all target definitions are met and the FEM analysis is
performed, the designed inductor is simulated in JMAG by sup-
plying a current with a triangular waveform in (24), as depicted
in Figure 7, similar to the current condition that is experienced
in an actual DC-DC converter, resulting in the behaviors dis-
played in Figure 8a—d, where the waveforms for the power,
voltage, current, and inductance ate exhibited. Figure 8a show-

FIGURE 9 Core losses associated with Eddy currents and hysteresis at
the input voltage (17,) of 60 V.

cases the maximum power that was defined as target definitions
at 300 W. From Figure 8b, it is possible to compute the RMS
voltage, whose value is 69.98 V, differing 5.2% of the inductor
voltage. An average inductance value of 1.77 mH is shown in
Figure 8c. It is observed in Figure 8d that the triangular current
has a DC offset of about 4.6 A, reaching a maximum current
(Zyax) at 5.2 A, and yielding constant changes in the voltage
across the inductor that represent its charging and discharging
process. Notably, all target definitions are met by following the
holistic strategy in terms of maximum power, maximum cuf-
rent, and inductance. This fact is corroborated experimentally,
as shown in the current /; in Figure 12. This simulation was
conducted according to the parameters in Table 2; likewise, all
materials and their characteristics in Table 4 were added. The
simulation required the following two conditions:

* FEM coil: This condition allows to establish that a cut-
rent flows through the conductor linking it with the
electric circuit.

* Symmetry boundary: This specifies the symmetry bound
when the flow is perpendicular to one defined side, and it
is used for all analysis types of electric fields.

2
fnt) = 4.2 (1 T 54.6%x 1076 I’

54.6 X 1076 t 1
- - 24
2 l54.6><10—6 * ZJ @9
To compute the core losses associated with Eddy currents
and hysteresis losses according to (10) [16], the inductor is tested
under voltage variations. These losses are shown in Figure 9,
where can be observed the waveforms for both of them using
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TABLE 6  Core losses associated with Eddy currents and hysteresis.

Ve (V) L (mH)

Eddy current losses (W)

Hysteresis losses (W)

5 1.79 0.039 0.85

12 1.79 0.276 5.38

24 1.79 1.18 5.9

48 1.78 4.9 6.62

60 1.77 8.6 12.9

TABLE 7  Simulink simulation parameters.

System ratings

Rated power, ripple current 300 W, 1 A
Voltage out (17,,,) 118
Voltage source (17,) 62.6'V
Simulation time 5s
Snubber resistance 12Q
Snubber capacitance 220 pF
Capacitor (C) 500 uF
Duty cycle (D) 0.5

Load resistor (R) 50 Q

Coil resistance, inductance (1) 0.4 Q,1.77 mH
Switching frequency 18.31 kHz
TABLE 8 Experimental parameters.

Parameter Value

Inductor (L) 1.84 mH

Capacitor (C) 500 uF

Load resistor (R) 50 Q

MOSFET (5,), diode (D)

C2M0080120D, MLBX1302T

Digital signal controller (DSC) TMS320F28335
Switching frequency 18.31 kHz
Input Voltage Source (1) 62.6 V

an input voltage (I/,) of 60 V. To verify the behavior of the
inductor working at different operating points, the input volt-
age (1,) is varied within the range between 5 V up to 60 V, as
depicted in Table 6. Note that the core losses are proportional
to the voltage rise.

As a second verification, the Simulink environment is used
to replicate the behavior of the power converter circuit in
Figure 1 by employing the parameters depicted in Table 7, such
as resistance and snubber capacitance that are taken from the
power device’s datasheet [24]; likewise, the components’ values
reported in Table 8 are used. Notice the similitude between the
simulated and actual responses that can also be corroborated
through the waveforms for 17 and /; in Figure 12 and for Iy,
in Figure 14.

Before proceeding with the experimental prototype, the step-
up DC-DC boost converter in Figure 1 is implemented in the

S = W
T
|

(a)
%100 = _V51 I -
g 501 : :
3 |
> 0 T 1 T T i 1 | -
(b)
sof : . . : T ! ]
0 I L -
S0k . : : : _—
(©)
< s
= 4.5
53 , . :
8 0.84942 0.84944 0.84946 0.84948 0.8495 0.84952 0.84954 0.84956
(d)
Time (s)

FIGURE 10  Simulation results in Simulink for D, 175, 17, and /7.

FIGURE 11 Experimental testbed for the boost step-up DC-DC
converter. (1) Scope, (2) PWM generator with Simulink, (3) AC/DC clamp, (4)
resistive load, (5) inductor, (6) capacitor (C), (7) MOSFET power switch and
diode (§;), (8) DSC TMS320F28335, and (9) DC voltage source (17,).

Matlab-Simulink environment with the parameters in Table 8.
Once the converter is simulated, voltage and current responses
in Figure 10 are obtained, whete the orange waveform in plot
(a) represents the PWM signal, the magenta waveform in plot
(b) is the voltage over the power switch (§), the cyan waveform
in the plot (c) indicates the voltage at the coil terminals, and the
red waveform in the plot (d) showcases the current ripple that
flows through the coil.

The design methodology’s theoretical consistency and prac-
tical feasibility for inductors applied to power electronic circuits
are experimentally verified with a laboratory testbed, as shown
in Figure 11. Before the test, the inductance was measured with
the UT-603 meter [25], resulting in a relative error of 4% com-
pared to the calculated value. The test circuit and its modes of
operation are addressed in Figure 1 and Section 3, respectively.
The components used in the implementation of the proto-
type are summarized in Table 8, the implemented inductor is
indicated with the number 5 in Figure 11.
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FIGURE 12  Experimental evaluation of D, 17 , and /; under static
conditions applied to the DC-DC boost convertet.
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FIGURE 13 Fourier spectra of voltage and current waveforms at the
inductor. (a) Inductor voltage (I7). (b) Inductor current (/).
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FIGURE 14  Experimental evaluation of D, Iy, , I, and 1/, under static
conditions applied to the DC-DC boost converter.

Figure 12 shows the measurements of the PWM signal
(orange line), the inductor voltage (L) (cyan line), and the cur-
rent through the inductor (/;) (violet line). When the switch
is turned on, L stotes energy in the form of a magnetic field,
ramping its current according to (21). Under these conditions,
the induced voltage rises up to 120 V, showing high-frequency
oscillations in the turn-on and turn-off of the switch caused by
patasitic reactances inside the MOSFET, the wires, and the cir-

TABLE 9 Comparisons between theoretical, simulated, and experimental

results.

Method Inductance (mH)
Proposed 1.77

Simulated in JMAG 1.77

Experimental 1.84

cuit paths. When the switch is off, the current of I decreases
in a ramped pattern according to (22). The measured inductor
current ripple is 1 A. This ripple is consistent with the theoreti-
cal calculations and those found in the magnetic simulation with
JMAG software. Notice that Foutier spectra of voltage and cur-
rent waveforms at the inductor in Figure 13 reflect symmetrical
spectra and the fundamental frequency at 18 kHz, consistent
with the commutation frequency.

Figure 14 details the measurements performed on the cir-
cuit for 1, 17,,, V5, and D under stationary conditions. The
figure shows how the circuit effectively raises the voltage at
its output to 120 V (green line) with its respective input volt-
age (blue line), set at 60 V. When S1 is on, the capacitor at the
output supplies power to the load, enabling the load voltage to
be regulated.

6 | DISCUSSION

Following the proposed strategy in Figure 2, the theoretical
value for the inductance that complies with all target definitions
is 1.77 mH, as summarized in Table 9, which is also verified via
JMAG simulation as reported in Figure 8c. The last validation
was the experimental one, where the inductance value reached
a value of 1.84 mH, attaining a 4% relative error in comparison
with the theoretical and simulated values.

An alternative to measure the effectiveness of the current
design methodology is to compare our results with other recent
related work. For example, in [26], a characterization of vari-
able inductors by finite element analysis (FEA) reports a mean
squared error of 1.6% between FEM simulations and exper-
imental results. However, based on the graphical results of
[26], the error is not uniform along the load current level.
The smaller the current, the bigger the error. On the other
hand, [27] shows the design and model of filter inductors. The
inductor constructive reaches 75-77% of the required induc-
tance. In [28], the inductance leakage in a transformer design
for a power converter was estimated with an error of less
than 20%. Our methodology has a marginal error below 4%
between the design’s analytical, simulated, and experimental
values.

7 | CONCLUSIONS

This paper has demonstrated a straightforward and accu-
rate methodology to design and implement an inductor for
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propetly making part of a step-up DC-DC boost power elec-
tronic converter. The key idea behind this methodology lies
in conveying the preliminary analytical design that is vali-
dated via simulations using the FEM and power electronic
converters supported by JMAG and Matlab & Simulink, respec-
tively. Also, this methodology is validated by implementing
an experimental prototype of a step-up DC-DC boost con-
verter and quantifying the inductor response, achieving all
target specifications, such as maintaining a current ripple of
approximately 1 A.
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